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 Battery electrodes are complex mesoscale systems comprised of an active material, 
conductive agent, current collector, and polymeric binder. While the focus of research 
related to the design of robust, high-performance Li-ion batteries relates to the synthesis of 
active particles, the binder plays a crucial role in stability and ensures electrode integrity 
during volume changes that occur with cycling. Conventional polymeric binders such as 
poly(vinylidene difluoride) generally do not interact with active particle surfaces and fail 
to accommodate large changes in particle spacing during cycling. Recently, a poly[3-
(potassium-4-butanoate)thiophene] (PPBT) binder component, coupled with a 
polyethylene glycol (PEG) surface coating for the active material was demonstrated to 
enhance both electron and ion transport in magnetite based anodes; and it was established 
that the PEG/PPBT approach aids in overall battery electrode performance. 
 In this thesis, the PEG/PPBT system is first used as a model polymeric binder 
system for understanding cation effects in anode systems. As such, the potassium ion was 
replaced with sodium, lithium, hydrogen and ammonium through ion exchange. Potassium 
showed the most stable electrochemical performance, which is attributed to cation size and 
proposed to be a result of higher ionic conductivity. Lithium demonstrated an initial 
increase in capacity, but was unable to maintain this performance over 100 cycles. Sodium 
increased in capacity as cycling progressed as a result of slow reaction kinetics. Whereas, 
hydrogen and ammonium demonstrated poor electrochemical performance. The results 
from the effect of ion exchange creates a framework for understanding how cations on the 
 xv 
polymer impact electrochemical performance and aids in the overall design of binders for 
composite Li-ion battery anodes. 
 Next, a series of water-soluble, carboxylated polymers with varying functional 
groups were investigated as alternative polymeric binders to aid in electron and ion 
transport in magnetite-based anodes. Conjugated polymers under investigation include 
PPBT, a poly(3,4-ethylenedioxythiophene) (PEDOT) derivative, and the potassium salt 
form of poly(acrylic acid) (PAA-K). The PEDOT derivative showed comparable cycling 
performance to PPBT over 100 cycles at 0.3 C, demonstrating enhanced capacity retention 
compared to the traditional PVDF. Rate capability testing revealed similarities between 
PPBT and PAA-K. The results of this investigation create a framework of desirable 
qualities necessary for polymeric binders by investigating how different functional groups 
aid or hinder overall electrochemical performance in the overall design of composite Li-
ion battery anodes. 
 Finally, the overall role of the composite electrode is investigated. The model PPBT 
polymer was functionalized onto the magnetite surface using two covalent attachment 
strategies, specifically an (3-aminopropyl)triethoxysilane (APTES) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry and 
a Fischer esterification approach, are implemented for understanding how surface 
chemistry and functionalization strategy impacts overall electrochemical performance. 
Direct attachment of PPBT onto the magnetite surface via Fischer esterification led to 
enhanced performance. A closer look is given to electrodes consisting solely of the 
functionalized active material and carbon-polymer composites. Optimal carbon to polymer 
loading is between 60 wt% to 80 wt% carbon, leading to a balance in capacity and stability. 
 1 
CHAPTER 1. INTRODUCTION 
1.1 Overview of Li-ion Batteries 
 Rechargeable lithium-ion batteries have been the most utilized batteries in the 
portable electronic market for many years, but challenges exist to meet demands for high 
density energy storage.1–3 Despite the impressive growth in sales of batteries worldwide, 
the science underlying battery technology is often criticized for its slow development.4 
New battery technologies are rare, and the energy density of lithium-ion batteries has only 
increased 8-9% per year since the 1990s.5 However, lithium-ion batteries have replaced 
other energy storage device chemistries, particularly in the mobile electronics market.6 
Research has focused on improving both energy and power density of energy storage 
technology, particularly through new materials development. 
 A number of Li-ion battery configurations exist, including coin-, cylindrical-, 
prismatic-type, and pouch-type cells. Despite their different configurations, the battery 
consists of an anode, cathode, immersed in electrolyte and separated by a polymer 
membrane, which has essentially remained unchanged from the earliest development of 
batteries.4,7 The working principle of a lithium-ion battery is based on the reversible 
intercalation and de-intercalation of the lithium ions, Li+, into electrodes, as illustrated in 
Figure 1. The electrolyte enables ion transfer between the two electrodes.8 During the first 
cycle, the organic electrolyte decomposes to form a solid electrolyte interface (SEI) layer 
on the surface of the electrodes.6 The SEI film permits the diffusion of Li ions and can also 
prevent aggregation of active particles, while maintaining a uniform chemical composition 
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at the electrodes. However, the SEI layer also increases the internal resistance of the battery 
and consumes Li ions from the cathode, resulting in capacity loss.7 
 
Figure 1: Schematic of a lithium-ion battery [Adapted from literature6] 
 
 In this thesis, the coin-type half-cell battery configuration was utilized to evaluate 
battery electrode performance.  The specific components of this configuration are shown 
in Figure 2. Li metal was used as a counter/reference electrode, while the electrode of 
interest (e.g. anode or cathode) was the working electrode. 
 
Figure 2: Half-cell battery configuration. 
 3 
 The electrode materials are crucial to determine the capacity and power density of 
the lithium-ion battery, whereas the capacity retention is governed by the quality and 
stability of the interfaces within the electrode system. A composite electrode is composed 
of an active material, conductive agent, current collector, and polymeric binder (Figure 3). 
A major challenge for electrode design is to provide high capacity and high coulombic 
efficiency.9 This thesis specifically focuses on anode material development. Currently, 
graphite is widely used as a commercial anode active material due to its high coulombic 
efficiency and stable cycle performance, but has a very low specific capacity of 372 mAh 
g-1.4 To meet growing consumer energy demands, electrode materials with higher energy 
and power densities are a necessity. However, a number of requirements must be met to 
replace graphite as an active material, including high accommodation of Li ions, cycle 
ability, high operating voltage, and insolubility in the electrolyte. Furthermore, an ideal 
anode is cheap, environmentally friendly, safe and demonstrates good electrical and ion 
conductivity.6  
 
Figure 3: Schematic of electrode: (1) active material, (2) polymeric binder, (3) 




1.2 Alternative Active Materials 
1.2.1 High-capacity active materials 
 Next generation Li-ion batteries require high specific capacities to meet the 
demands of the consumer. Promising alternatives to graphite include transition metal 
oxides (MO, where M is Co, Ni, Cu or Fe), silicon, tin, and their derivatives. However, the 
main obstacle impeding the use of these high-capacity active materials results from large 
volume changes during lithiation/delithiation processes that lead to poor cycling 
performance.11–13 Table 1 summarizes the theoretical capacity and associated volume 
changes for high-capacity anode materials, as compared to graphite.  
Table 1: Comparison of Electroactive Anode Materials for Li-Ion Batteries11,14–17 
Material Theoretical Capacity (mAh g-1) Volume Change (%) 
Graphite 372 10 
Silicon 4200 420 
Tin 994 260 
Metal Oxides (Fe3O4) 500-1000 (926) - (200) 
 
1.2.2 Magnetite as an active material 
 This thesis will focus on magnetite (Fe3O4), which is readily available. Its high 
theoretical specific capacity (~926 mA h g-1) results from the eight electron conversion 
reaction during the lithiation process, which is based on the novel conversion:18,19 
Fe3O4 + 8Li
+ + 8e−  ⇄  3Fe0 + 4Li2O 
 In particular, magnetite is a naturally occurring mineral found in the earth’s crust, 
making it abundant, environmentally friendly, cheap, and non-toxic.20 Furthermore, it is 
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easy to synthesize and can be prepared through a variety of methods, including sol-gel,21 
ultrasound irradiation,22 reverse micelle method,23 hydrothermal,24–26 thermal 
decomposition,25 and co-precipitation.20,27 Co-precipitation and thermal decomposition are 
the most commonly employed synthesis techniques. Co-precipitation is a non-hazardous, 
facile approach, involving low temperatures and does not require elaborate synthetic 
equipment.28 This technique typically involves mixtures of Fe2+ and Fe3+ dissolved in water 
with an added base to form Fe3O4 precipitate.29 My previous work demonstrated the effects 
of surface chemistry on electrochemical performance, comparing co-precipitation using 
triethylamine and ammonium hydroxide as the base. Triethylamine-based systems 
demonstrated interactions between the active material and polymeric binder leading to 
enhanced capacity and capacity retention.30 Therefore, in this thesis, co-precipitation was 
used as the synthesis method for magnetite, using the triethylamine base. 
 Magnetite has not been practically implemented as an anode material due its poor 
cycling stability, resulting from drastic volume changes during lithiation/delithiation 
processes.31 A number of design strategies have been implemented to improve Fe3O4, 
including carbon coatings,1,32 nanostructures,33 and nanocomposites.31,34,35 
 The particle size of the active material plays a crucial role in enhancing 
electrochemical performance in the electrode. A reduction in particle size leads to a higher 
surface area.36 Komaba et al.37 conducted the first Fe3O4 crystallite size effect 
investigation, where they concluded that nanocrystalline (10 nm) magnetite had the highest 
initial capacity. Sizing down particles to the nanoscale has previously demonstrated a 
shorter Li ion diffusion pathway, increased reversible capacity, and improved rate 
capability performance.18,20,38  However, nanoparticle-based electrodes exhibit a higher 
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propensity to aggregate, which can disrupt conductive pathways and lead to increased 
charge resistance in the electrode.39 Another challenge at the nanoscale results from 
undesirable side reactions with the electrolyte, resulting from the larger surface area 
available.20,40 Despite these complications, the large surface area/volume ratios provide 
more pathways for ion movement, leading to improvements in kinetics since the Li ion 
diffusion path occurs along smaller distances.20 The magnetite utilized in this thesis is a 10 
nm crystallite size, which previously demonstrated superior cycling stability, rate 
capability performance and reduced charge transfer resistance, when compared to a 20 nm 
counterpart.30  
 Carbon materials are often utilized to enhanced electrical conductivity, improve 
rate performance, and have been shown to improve the electrochemical properties of 
magnetite-based anodes.1,20,32 Carbon coatings serve as a barrier to protect active materials 
and maintain higher capacities. The introduction of carbon coatings on iron oxide 
nanospindles preserved the integrity of particles, enhanced electronic conductivity, 
stabilized SEI layer formation, leading to a high specific capacity of ~749 mAh g-1 at C/5, 
enhanced cycling performance, and high rate capability as compared to commercial 
magnetite particles.13 Xie et al.41 used a two-step hydrothermal method followed by an 
annealing treatment to prepare Fe3O4/carbon core-shell nanotubes, which delivered 
improved cycling performance and rate capability, as compared to the Fe2O3 nanotube 
control electrode. The capacity of the carbon coating on magnetite nanoparticles has been 
demonstrated to enhance electrical conductivity and suppress cracking of the anode during 
cycling.32  
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 The introduction of polymers or organic molecules on the magnetite surface have 
also been shown to stabilize the particles through both steric and electrostatic forces.42,43 
Magnetite nanoparticles are known to aggregate due to strong van der Waals and magnetite 
interactions.44 Polyethylene glycol (PEG) is one of the most frequently used polymers for 
magnetite surface modification, as it has been shown to improve colloidal stability of the 
particles. PEG has shown a reduction in aggregate size, leading to improve particle 
dispersion in magnetite-based systems.11,43,45 In Chapters 2 and 3, a PEG coating was 
introduced onto the Fe3O4 particle surface through a facile-probe type ultrasonication 
process. 
1.3 Polymeric Binders 
 The majority of electrode material research for Li-ion batteries focuses on the 
synthesis of active particles, with less focus on polymeric binders. The binder plays a 
crucial role in a Li-ion battery, as it binds the active materials onto the current collector 
and keeps conductive carbon physically connected to the active materials.46,47 The repeated 
expansion/contraction of active materials during cycling often results in severed contact 
between particles and the conductive network.48 Choice in binder is critical for the cycling 
performance of silicon and magnetite based anodes. Poly(vinylidene fluoride) (PVDF) has 
been extensively used commercially and is arguably the prevalent polymeric binder in 
battery electrode applications; however, it is unable to accommodate large volume changes 
in spacing between particles that occurs during cycling, due to weak van der Waals 
interactions between the active material and polymer.49,50 The key to a successful 
polymeric binder relies not only on high elasticity and mechanical resistance to stretching, 
but promotes adhesion onto the particle surface through chemical bonding.51  
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1.3.1 Water-soluble polymeric binders 
 While PVDF is robust and readily available, water-soluble alternatives are 
beginning to emerge as attractive, low cost, and more sustainable alternatives. Early work 
on binders focus on carboxymethyl cellulose (CMC) and polyacrylic acid (PAA), which 
enable aqueous processing, eliminating the need for toxic solvents, and it has been 
suggested that hydrogen bonding interactions between the carboxylic groups on the 
polymer and surface hydroxyl groups on the active material (i.e. Si, Fe3O4) may enhance 
electrode stability.50,52–57 Strong mechanical strength of the composite electrode depends 
on numerous polymer bridges between particles and covalent bonding between polymeric 
binder and particles.48 Weak van der Waals interactions, as observed with PVDF, or acid-
base bonds are not preferential for enhanced performance.  
 Hochgatter et al. showed that CMC was able to chemically bond with the silicon 
surface through a condensation mechanism between carboxylic acid COOH groups of the 
CMC and the SiOH groups present on the surface of silicon.58 Mazouzi et al. demonstrated 
that the mechanism is dependent on pH, where a pH 3 buffer solution is used for electrode 
preparation (i.e. a pH value lower than the isoelectric point of Si particles and pKa of 
CMC).48 By altering the pH, SiOH groups were able to react with the COOH groups present 
on the CMC surface, leading to enhanced cycling stability. 
 Previous research on silicon-based anodes demonstrated success with poly(acrylic 
acid) (PAA) as the binder.50,56,57,59 PAA is low cost, exhibits excellent surface binding, 
improved stability, and is water-soluble, allowing for “green” electrode fabrication.57 PAA 
is not only soluble in water, but in a variety of ecologically friendly organic solvents, 
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allowing for tunable properties. Furthermore, PAA is commercially available with a variety 
of molecular weights, which was shown to significantly impact performance in Si-
anodes,57,59 and allows for further property adjustments. The tunable properties of PAA 
allow freedom in the design for electrode preparation and process optimization. In 
comparison to CMC, PAA showed superiority due to its higher concentration of carboxylic 
functional groups.50 
1.3.2 Conductive polymeric binders 
 Other alternatives to the traditional PVDF include semiconducting polymeric 
binders that can be doped during battery cycling and support electronic conductivity in the 
electrode.60 Typically, polymeric binders serve to hold the active material and additives 
together. Electrically conductive additives, such as Super P or Carbon Black, are required 
to ensure electrical conductivity of the entire composite electrode. The polymeric binder 
combines with carbon additives to maintain electrical bridges within the electrode. The 
electronic integrity of electrodes relies on these electrical connections between the active 
material and conductive additives. Due to the nature of high-capacity active materials and 
subsequent volume changes during cycling, the electrical connection between active 
material and additives will often break after extended cycling.61  
 The use of a conductive polymeric binder reduces the need for excess conductive 
additives. Conductive additives increase the amount of non-active materials in the 
composite electrode, causing a decrease in the energy density. A higher content of active 
material is achieved when using a conductive polymeric binder that no longer requires the 
use of additive carbon.62 
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 Liu et al. have prepared a number of conductive polymers for use as binders, 
including a functional conductive poly(9,9-dioctylfluorene-co-fluorenone-co-
methylbenzoic ester) (PFM),63,64 PFM with a triethyleneoxide monomethylether side chain 
(PEFM),61,65 a polyfluorene-type polymer with carbonyl and methylbenzoic ester 
functional groups (PFFOMB),66 and poly(1-pyrenemethyl methacrylate) (PPy),62 leading 
to enhanced cycle stability and specific capacity for Si-based anodes, without the use of 
conductive additives. Conductive polymers with improved adhesion to the active material 
particles have shown improvement for the electrical connection in Si anodes.61 The PFM 
conductive polymeric binder has polar ester functional groups, specifically designed for 
adhesion to the active material surface, while methylbenzoic ester groups also serve to form 
chemical bonding with the surface. The synergistic effects of the improved adhesion 
between the polymeric binder and active material surface, and the conductive nature of 
PFM, allows for an increase in active material loading that improves the energy density of 
the lithium-ion cell.64  
1.3.3 Combining the effects of water-soluble and conductive polymers 
 Few initiatives have combined the effects of both water-soluble and conductive 
polymeric binders. Conventional, non-conductive, water-soluble binders display insulating 
characteristics, since they have non-conductive functional groups of polymers causing poor 
electrical connections. During the charge-discharge cycling process, the active materials 
suffer from large volume expansion, pushing conducting additives away from them and 
leading to loss of electrical contacts. As a result of this, it has been suggested that water-
based binders should also possess electronic and ionic conductivity, in addition to strong 
binding capabilities. A water-soluble, conductive polymeric binder can ensure constant 
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adhesion and electrical connection, even when the electrode integrity is damaged during 
cycling.46 
 Demonstrated in silicon anode systems, a novel water-soluble, conductive binder 
consisting of carboxymethyl cellulose (CMC) and poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) showed improved electrochemical performance, 
particularly enhancing conduction.55 PEDOT:PSS is one of the most successful conducting 
polymers and has drawn interest in a variety of electronic applications, including OLEDs, 
flexible photovoltaic devices, and sensors, due to its high conductivity and excellent 
thermal/chemical stability.67,68 The incorporation of PEDOT:PSS into a water-soluble 
binder eliminates the use of conductive carbons, which tend to aggregate, causing gaps in 
conductive bridges to the active material, leading to a decrease in electrochemical 
performance. PEDOT:PSS is able to form homogenous and continuous conductive bridges 
throughout the electrode and reduces the use of carbon conducting agents. The Si 
electrodes composed of the water-soluble composite binder demonstrated higher initial 
Coulombic efficiencies, better cycling, and rate performances.55 
1.4 Motivation: PEG/PPBT System 
 Previous studies using a semiconducting polymer, poly(3-hexylthiophene) (P3HT), 
with magnetite-based electrodes demonstrated the importance of considering both electron 
and ion transport in the design of composite electrodes.38 Following this investigation, a 
poly[3-potassium-4-butanoate) thiophene] (PPBT), a water-soluble, carboxylate-
substituted polythiophene, was introduced as a polymeric binder in combination with a 
polyethylene glycol (PEG) surface coating for the magnetite active material.11 A facile 
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approach was developed for coating the Fe3O4 particles with PEG 1500 in aqueous medium 
via probe-type ultrasonication and is demonstrated in Figure 4a. The PEG coating process 
limited the growth of aggregates (Figure 4b) and improved materials dispersion in the 
composite electrode. 
 Conjugated polythiophenes exhibit high electronic conductivity (10-2-10-4 S cm-1, 
i.e. P3HT) and undergo electrochemical doping, which enhances electron transport and 
builds electrical bridges between active particles and carbon additives.38 Furthermore, 
chemical interactions between the carboxylate moieties and metal oxide favorably 
impacted electrochemical performance. Strong interactions between a binder and active 
material surface are one of the most critical factors in influencing electrode stability, and 
were previously limited to Si anodes.48,69–71 
 Overall, the PEG/PPBT system demonstrated improved cycling stability and rate 
capability in magnetite-based systems.11 Figure 4c shows charging-discharging 
performance over 50 cycles at a current density of 240 mAh g-1 (~0.3 C) between 0.01 and 
3 V. Notably, the PEG/PPBT system exhibited a 91.2% capacity retention at 50 cycles, as 
compared to the PVDF control demonstrating only 25.9% retention. Newly fabricated half 
coin cells were demonstrated in rate capability testing (Figure 4d), where cells were under 
a constant lithiation current density of 80 mA g-1 (~0.1 C) and over a wide range of 
delithiation current densities (80 – 1600 mA g-1) in a voltage range of 0.01 – 3 V. The 




Figure 4: Overview of PEG/PPBT system. (a) PEG sonication procedure, (b) SEM 
images of PEG-Fe3O4 as compared to inset of bare Fe3O4, (c) Capacity retention 
(capacity as a function of cycle number) at 240 mA g-1 (~0.3 C) between 0.01 and 3 V 
comparing PPBT (with and without PEG coating) to PVDF control system, (d) 
Delithiation rate capability where  cells were lithiated at a constant current density 
of 80 mA g-1 (~0.1 C) and delithiated at different current densities between 0.01 and 
3 V (open circles: capacity retention, filled symbols: Li-extraction capacity). 
[Adapted with permission from Ref11] 
 
 A lithium exchanged form of the water-soluble polythiophene, poly(3-lithium-4-
butanoate) thiophene 2,5-diyl) (P-Li-BT), was demonstrated in silicon and graphite 
anodes.60 Here, electrically conductive polythiophenes, functionalized with an ionic alkyl 
carboxylate group, with various side chain lengths, were successfully implemented as 
binders in silicon and graphite electrodes systems. This work aimed to combine the 
advantages of using water-soluble and semiconducting binders, where the polythiophene 
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backbone provides electronic conductivity and the carboxylate groups allow for interaction 
with silicon particles. Interactions between active materials and polymeric binders allow 
for adhesion to the current collector, resulting in overall electrode stability. The polymeric 
binder with the shorter side chain gave the highest reversible capacity, which were higher 
than an electrically, but not ionically conductive PEDOT:PSS binder, and an ionically, but 
not electrically conductive sodium carboxymethyl cellulose binder.  
 The water-soluble, carboxylated polythiophene studies demonstrate the importance 
of having electrically and ionically conductive binders in magnetite and silicon based 
systems, which undergo large volume changes during cycling. Water-soluble binders allow 
for interaction with the active material surface during cycling, whereas the electrically 
conductive component enables high conductivity and electron transport by building 
electrical bridges between active materials and conductive carbon additives. 
1.5 Thesis Overview 
 This thesis revisits the PEG/PPBT system and provides systematic approaches to 
improving Li-ion battery anodes by further understanding the polymeric binder. Each 
chapter provides a building block in the design of polymeric binders and the subsequent 
impact on electrochemical performance. Chapter 2 investigates the role of the cation on 
the polymeric binder through the use a model water-soluble polythiophene (PPBT) and ion 
exchange. Chapter 3 examines how functional groups on the polymeric binder impact 
overall performance. Finally, Chapter 4 explores the model polythiophene binder as an 
active material coating using two surface functionalization techniques and how this 
influences performance. The effect of carbon additive and polymeric binder interactions 
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are also explored here to aid in composite electrode fabrication. Chapter 5 summarizes the 
major findings of these chapters and provides suggestions for future work. 
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CHAPTER 2. CARBOXYLATED POLY(THIOPHENE) BINDERS 
FOR HIGH PERFORMANCE MAGNETITE ANODES: IMPACT 
OF CATION STRUCTURE 
2.1 Introduction 
 Lithium-ion batteries are used for a wide range of applications and are considered 
to be the best option to meet electrical vehicle needs; however, to accommodate future 
demands for high density energy storage, performance enhancements are needed2,72,73. 
Transition metal oxides, such as Fe3O4 or alternatively magnetite, exhibit a high theoretical 
capacity (~500-1000 mAh g-1) when fully reduced, and thus represent a class of promising 
alternative electrode material13,74–76. While magnetite has a high theoretical capacity (~925 
mAh g-1),77 high electronic conductivity,77–79 low cost and low environmental impact, as 
with most other transition metal oxides, capacity retention with cycling can be challenging 
due to large volume changes that take place during repeated charging-discharging80–83. 
Thus, if this high capacity active material is to become commercially viable, further 
research is needed to understand the electrochemistry of Fe3O4 anodes and how that 
chemistry is impacted by interfacial interactions and materials processing during composite 
electrode fabrication. 
 The performance of magnetite based anodes was recently demonstrated to benefit 
from the incorporation of a poly[3-(potassium-4-butanoate)thiophene] (PPBT) binder 
coupled with a polyethylene glycol (PEG) surface coating on the active material, which 
together enhance both electron and ion transport in the composite11. While carbon-based 
coatings are often utilized to enhance electron pathways11,42,43,84,85,  less attention has been 
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placed on ion transport. Both characteristics are important considerations for the selection 
of the binder component for electrodes. PPBT is a water soluble, carboxylate substituted 
polythiophene that supports ion and electron transport through pore formation and 
electrochemical doping. In conjunction with PPBT, PEG acts as a coating on the active 
material surface to reduce aggregate formation and improve material dispersion45,86. 
 A preliminary investigation of the PEG/PPBT system demonstrated improved 
Fe3O4 capacity and rate capability, warranting further exploration into this model system 
for the design and development of robust Li-ion anode materials. Herein, the polythiophene 
binder is investigated further to evaluate the role of the carboxylate counterion. Previous 
work from Salem et al.87 employed ion exchange to convert the PPBT potassium salt to its 
lithium counterpart, but no comparison between the resulting poly[3-(lithium-4-butanoate) 
thiophene-2,5-diyl] (P-Li-BT) and the PPBT precursor was presented. The focus of the 
investigation related to the use of P-Li-BT as a binding agent for silicon and graphite 
anodes, where they studied the side chain length impact on electrochemical performance. 
These results in conjunction with those on PPBT21 suggest that the counterion may impact 
electrode performance and warrants further study. 
 Here, PEG/PPBT is used as a model system to examine how the carboxylate 
counterion impacts the performance of composite anodes. An ion exchange process was 
used to replace the potassium ion present in the commercial PPBT with the sodium, 
lithium, hydrogen and ammonium analogs. The resulting composite electrodes where 
characterized from the materials chemistry and electrochemical perspectives, whereby a 
framework for understanding how cation structure can impact overall electrode 
 18 
performance. The results of this investigation is expected to aid in the future design and 
improved polymeric binders for Li-ion battery anodes. 
2.2 Materials and Methods 
2.2.1 Materials 
 Fe3O4 nanoparticles (~10 nm) were synthesized by a previously reported co-
precipitation process using aqueous solution of iron(III) chloride hexahydrate, iron(II) 
chloride hexahydrate, and triethylamine29,88. For preparation of Fe3O4 particles coated with 
PEG (PEG-Fe3O4), 0.5 g of Fe3O4 powder in 5 g of water were sonicated at room 
temperature with an ultrasonic probe for 1.5 min (3 pulses of 30 s each, operated at 50 W, 
Qsonica Q700 sonicator). PEG 1500 solution (2 mL; 50% w/v, Sigma-Aldrich) was added 
with sonication for 30 s, and this process was repeated four times until the total amount of 
PEG 1500 was 8 mL. The PEG-Fe3O4 powders were washed and extracted by centrifuge 
separation (VWR Clinical 200) using acetone with speed of 6000 rpm for 5 min for 3 times. 
Thermogravimetric analysis (TGA) showed that PEG-Fe3O4 particles were composed of 
~15 wt% PEG (Figure 5). 
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Figure 5: TGA profile of PEG coating, which is carried out in nitrogen in the 
temperature range of 25‒600C at a heating rate of 20C/min, confirming 14.75 
wt% PEG coating. 
 
 PPBT (Mw: 21 kDa, polydispersity: 2.2, head to tail regioregularity: 89%) was 
purchased from Rieke Metals Inc. The PPBT ion exchanged derivatives were prepared 
through a facile procedure. PPBT was dispersed in DI water (80 mg in 10 mL) and was 
combined with ion exchange resin (AmberliteTM IR120, H form, 5 g) in excess to remove 
the potassium salt and replace it with hydrogen at room temperature in air (12 h). Following 
the removal of the resin beads with a sieve (220-micron size mesh), sodium hydroxide (1 
M, 388 µL, the molar equivalent to the amount of PPBT) was added to the P-H-BT solution 
to produce the ion exchanged PPBT, P-Na-BT. A yield of approximately 82% was 
achieved. The same process was utilized for lithium, ammonium and potassium. The 
hydrogen intermediate was produced from the first step of the ion exchange procedure. 
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2.2.2 Electrode Fabrication and Electrochemistry 
 The slurries for the electrodes were prepared by mixing PEG-Fe3O4 (0.1 g), carbon 
additives (0.02 g), and PPBT or ion exchanged derivatives in DI water (10 wt% solution, 
0.2 g) with a weight ratio of PEG-Fe3O4:carbon:polymer = 71.4:14.3:14.3. The electrodes 
for field-emission scanning electron microscopy (FE-SEM, Zeiss Ultra-60) measurement, 
electrochemical evaluation and spectroscopy characterization were produced by blade 
coating (doctor blade, MTI corp). The electrodes were first allowed to dry at room 
temperature for 1 h, followed by 110 °C for 12 h in a vacuum oven. 
 Stainless-steel coin cells (2032-type) were used for electrochemical measurements. 
Lithium metal, purchased from MTI corp., was used as a counter electrode and 1 M LiPF6 
in ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 by weight), purchased 
from BASF, was used as the electrolyte. Before electrochemical testing, the capacity of 
each coin cell was confirmed by charging and discharging at a current density of 40 mAg-
1 (~0.05 C). The tests were then proceeded for cycling and rate capability. Cyclic 
voltammetry (CV) was performed on half coin cells in the potential range of 0.01-3 V at 
the rate of 0.5 mV s-1 and electrical impedance spectroscopy (EIS, Metrohm Autolab 
PGSTAT101) measurements were conducted in the frequency range from 0.1 MHz to 0.1 
Hz before and after cycling. 
2.2.3 Microscopic Characterization 
 FE-SEM images were observed on the surface view of the electrodes using a Zeiss 
Ultra-60 FE-SEM with an accelerating voltage of 5 kV using the high vacuum mode at 
room temperature. 
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2.2.4 Spectroscopic Characterization 
 The electrode samples for spectroscopy measurements were prepared by removing 
powder samples from the prepared electrodes. Fourier transform infrared (FT-IR) spectra 
were recorded using a Thermo Scientific Nicolet iS50 FT-IR spectrometer. X-ray 
photoelectron spectroscopy (XPS) characterization was performed using a Thermo K-
Alpha XPS system. The instrument was equipped with a monochromatic Al-K X-ray 
source (1468 eV). Spectra were collected using the flood gun and an X-ray spot size of 400 
µm. Survey scans were collected with pass energy of 200 eV with 1 eV increments. High 
resolution scans (for specific elements) were collected with pass energy of 50 eV with 0.1 
eV increments. For XPS analysis of the electrodes after 100 cycles, the delithiated 
electrodes were extracted from the cycled coin cells and carefully rinsed with DMC three 
times (5 mL in total) to remove residual electrolyte and then dried in a vacuum oven (80°C, 
12 hr). 
2.3 Results and Discussion 
2.3.1 Ion Exchange Procedure and Verification 
 An ion exchanged polythiophene binder was used as a model polymer system to 
investigate the impact of cation size and structure on enhancing electrochemical 
performance in a magnetite anode system. Replacement of the potassium ion was 
conducted using a facile ion exchange procedure (Figure 6) to analyze the effects of 
lithium (P-Li-BT), sodium (P-Na-BT), hydrogen (P-H-BT) and ammonium (P-NH4-BT) 
substitution. A control potassium sample was formulated by adding potassium hydroxide 
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to the ion exchanged P-H-BT to afford P-K-BT to confirm that the ion exchange process 
did not alter the structure of the thiophene based polymer.  
 
 
Figure 6: Schematic representation of the ion exchange procedure using sodium as 
an example. 
 
 X-ray photoelectron spectroscopy (XPS) verified the successful completion of the 
ion exchange procedure. Survey scans (Figure 7a) confirmed complete conversion of the 
potassium salt in P-Na-BT, P-Li-BT, P-H-BT and P-NH4-BT. The presence of potassium 
was noted in both the parent PPBT and its P-K-BT control. All carboxylated 
polythiophenes reveal the presence of carbon and oxygen. P-Na-BT, P-NH4-BT and P-Li-
BT exhibit sodium, nitrogen, and lithium, respectively. XPS is unable to detect the presence 
of hydrogen, and as such the P-H-BT was solely verified on the bases of a lack of 
observable potassium. The atomic % from XPS (Table 2) further verified the ion exchange 
procedure by indicating that the proportion of ion to polymer present in each sample was 
essentially unchanged from the starting PPBT. These results provide corroborating 
evidence that excess ions from the hydroxide solutions neither absorbed nor adsorbed to 





Table 2: Peak table from survey scan to illustrate atomic % of ion in each polymeric 
binder. 
Name Atomic % (XPS) 
K 1s (PPBT) 9.58 % 
Na 1s (P-Na-BT) 9.45 % 
K 1s (P-K-BT) 8.34 % 
Li 1s (P-Li-BT) 8.87 % 
N 1s (P-NH4-BT) 8.11 % 
 
 A high-resolution XPS scan of carbon provides insight into the chemical 
interactions present in the PPBT derived polymers. The C 1s scan exhibits two clear carbon 
peaks at about 284.5 eV and 288 eV (Figure 7b), corresponding to C-O and C=O bonds, 
respectively and provides further confirmation that the PPBT side chains remained intact 
after the ion exchange process. These peaks are present for each ion exchanged polymeric 
binder. In PPBT and P-K-BT, two additional peaks are present (293 eV and 295.5 eV), 
which are associated with K89. 
 
Figure 7: XPS characterization of ion exchanged derivatives of PPBT. (a) Survey 





2.3.2 Stability of Ion Exchanged Polymers 
The stability of the ion exchanged polymers was first evaluated using zeta potential 
measurements (Figure 8). In efforts to mimic the immediate environment surrounding the 
nanoparticles, they were dispersed in water through bath-type sonication process.  The 
intermediate polythiophene, P-H-BT, was not sufficiently soluble in water for accurate zeta 
potential measurements. Values more negative than -30 mV are considered to represent the 
level of mutual repulsion needed to ensure the stability of a dispersion90. The ammonium 
derivative is the only polymer system to exhibit a zeta potential less negative than the -30 
mV threshold, suggesting poor stability. The zeta potential results correlate well with 
cation size, where K+>Na+>Li+, indicating that the size of the cation influences materials 
dispersion stability, which in turn will ultimately impact electrochemical performance.   




























2.3.3 Microscopic Characterization 
 To evaluate how the polymer dispersion characteristics of a given ion exchanged 
polymer in aqueous medium impacts composite electrode morphology, electrodes were 
fabricated with PEG-Fe3O4, carbon additives and the respective PPBT analogs (P-Na-BT, 
P-Li-BT, P-NH4-BT, P-H-BT, and P-K-BT) in the same manner as reported previously30. 
The morphology was then visualized using FE-SEM (Figure 9). While the zeta potential 
results suggested minimal impact on morphology, with the ammonium and sodium salts 
expected to exhibit some degree of agglomeration, the sodium analog to PPBT, P-Na-BT, 
appears somewhat more uniformly dispersed than either the parent or alternative ion 
exchanged derivatives, and exhibits less variation in size and no large aggregates present 
(Figure 9b). The improved dispersion of P-Na-BT may derive from enhanced interactions 
between the sodium carboxylate and PEG coating on the magnetite surface. While limited 
to Na+ and Li+ as alkali metal ions,  Maltesh and Somasundaran91 used steady state 
fluorescence spectroscopy to demonstrate that Na+ has a substantially stronger affinity to 
PEG than its Li+ counterpart. The enhanced degree of dispersion is expected to enhance ion 




Figure 9: FE-SEM top view images of electrodes: (a) PEG-Fe3O4/C/PPBT (b) PEG-
Fe3O4/C/P-Na-BT (c) PEG-Fe3O4/C/P-Li-BT (d) PEG-Fe3O4/C/P-NH4-BT (e) PEG-
Fe3O4/C/P-H-BT (f) PEG-Fe3O4/C/P-K-BT 
 
2.3.4 Electrochemical Characterization 
 Coin cells were fabricated to explore the impact of counterion on the 
electrochemical performance of composite anodes comprised of PEG-Fe3O4 active 
material, carbon additives, and polymeric binder in a 71.4:14.3:14.3 mass ratio, Li metal 
served as the counter electrode, and 1 M LiPF6 in ethylene carbonate (EC) and diethylene 
carbonate (DEC) (1:1 by weight) was used as the electrolyte. The mass ratio was chosen 
based on prior results to facilitate direct comparison38. Charge-discharge cycling (Figure 
10a) was conducted at a current density of 240 mA g-1 (~0.3 C) to determine the capacity 
retention of each system for 100 cycles. Galvanostatic profiles are provided in Figure 11. 
 With respect to capacity retention upon cycling, the carboxylic acid, P-H-BT 
(orange) and ammonium carboxylate, P-NH4-BT (pink) polythiophene based electrodes 
performed poorly. The results for P-NH4-BT may derive from weak interactions between 
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NH4+ and PEG91, which is expected to influence ion transport within the electrode, despite 
the ability of the binder to facilitate a similar, well-dispersed morphology to its ion 
exchanged analogs. Conceivably, the low zeta potential obtained for P-NH4-BT may be an 
early indicator of performance since the value suggests that dispersions of the polymer 
would be unstable. The poor capacity retention for P-H-BT is believed to result from its 
poor solubility in water leading to more heterogeneous dispersions and morphologies.  
 The alkali metal carboxylates display distinctly different behavior, whereby they 
exhibit moderately high capacity which is more effectively retained during cycling.  While 
P-Li-BT (blue), the lithium carboxylate exhibits the highest capacity (886 mAh g-1), that 
capacity is not maintained during cycling and fades by approximately 26% after 100 cycles 
(653 mAh g-1). This initial capacity may derive from a somewhat elevated concentration 
of Li+ ions present in the composite electrode in the early stages: the polymeric binder 
accounts for 14.3 wt% of the overall electrode composition, approximately 5 wt% of which 
is the ion. With continued cycling, the additional lithium introduced via the binder no 
longer dominates, and capacity appears to decrease steadily during cycling. 
 The sodium salt, P-Na-BT (green) exhibited the lowest initial capacity, namely 637 
mAh g-1; however as cycling progressed, a gradual increase in capacity was observed until 
an apparent steady state was reached after about 60 cycles. This initial delay in capacity 
may be a result of slow reaction kinetics. Whereas the increase in capacity is believed due 
to the affinity of Na+ to PEG limiting the size of Fe3O4 aggregates, thereby enhancing 
dispersion of the components and increasing the surface area of the active material. With 
respect to the latter, increased active material surface area would be expected to facilitate 
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Li+ insertion, resulting in a steady increase in capacity during cycling, effectively 
overcoming initially slower reaction kinetics, vide infra  (Figure 12). 
 The next higher homolog of the alkali metal series, namely PPBT (red) and its ion-
exchanged control P-K-BT (black), exhibit the most stable capacity throughout 100 cycles 
with both samples exhibiting similar capacity and capacity retention. The improved cycling 
performance of the potassium carboxylates is likely due to the size of the cation, in relation 
to the lower atomic number Li+ and Na+ counterparts. Notably, Elabd92 and Long93 
demonstrated that materials comprising alkali metal salts with an overall larger cation 
exhibit higher ionic conductivity. They speculated that incorporation of the larger metal 
ion led to suppression of the materials’ glass transition temperature (Tg). The Tg for the 
polymers under investigation could not be measured due to the 89% regioregularity of the 
PPBT used. Previous studies using regiorandom polymers indicate that no crystalline 
reflections are observed in DSC,94 as was observed for the ion exchanged derivatives.  
However, we surmise that the enhanced capacity and capacity retention of the potassium 
polythiophene carboxylate, PPBT and P-K-BT is directly related to its ionic conductivity. 
To measure the ionic conductivity a lithium and an electron dopant are needed and the 
baseline ionic conductivity of the polymers could not be measured. Conceivably, the larger 
atomic radius cation may also facilitate formation of a somewhat more porous morphology 
that supports ion transport through the composite electrode. Note, we previously 
established that both electron and ion transport are vital for enhanced electrochemical 
performance11.   
 Newly fabricated half cells were subjected to rate capability experiments (Figure 
10b), where cells were lithiated at a constant current density of 80 mA g-1 (~0.1 C) and 
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delithiated over a wide range of current densities (80 – 1600 mA g-1) between a voltage 
range of 0.01 – 3 V. Rate capability testing was limited to P-Na-BT, P-Li-BT and PPBT 
based electrodes given that the ammonium salt and carboxylic acid systems exhibited poor 
capacity/capacity retention performance (Figure 10a). As discussed above, the highest 
initial capacity was observed for the P-Li-BT (blue) electrodes, which is most likely 
facilitated by the presence of Li+ within the pristine composite electrode that may enhance 
transport at the early stages of cycling. As cycling continued however, the impact of the 
embedded Li ions was diminished:  when the coin cell was cycled back to 0.1 C, the 
capacity dropped from the starting 1040 mAh g-1 to 848 mAh g-1.  In the case of Na+, P-
Na-BT electrodes exhibited a lower starting capacity of 850 mAh g-1, which increased to 
910 mAh g-1 upon cycling back to 0.1 C. These results mirror the behavior of the sodium 
carboxylate during cycling, and will be discussed further below. Notably, P-Na-BT based 
electrodes exhibited the best rate capability performance, particularly at higher current 
densities (1 C and 2 C). 
 
Figure 10: (a) Cycling performance (capacity retention as a function of cycle 
number) comparing different ion exchanged polymer binders cycled at 240 mA g-1 
(~0.3 C) between 0.01 and 3 V. (b) Delithiation rate capability, where cells were 
lithiated a constant current density of 80 mA g-1 (0.1 C) and delithiated at different 




Figure 11: Galvanostatic profiles of (a) PEG/PPBT, (b) PEG/P-Na-BT, (c) PEG/P-
Li-BT, (d) PEG/P-K-BT, (e) PEG/P-H-BT, and (f) PEG/P-NH4-BT.  
 
 Cyclic voltammetry (CV) profiles performed at different scan rates (ν) (Figure 12a-
c) provided insight into electrode kinetics and helped to elucidate further how cation 
characteristics can impact the performance of the carboxylated polythiophene binder. The 
kinetic data was characterized by analyzing the voltammetric response of the polymeric 
binders at various scan rates according to 𝐼𝑝𝑐 = 𝑎𝜈
𝑏, where the measured peak current (Ipc) 
and the potential scan rate (ν) obey a power-law relationship95–99. The slope from the plot 
of log (Ipc) vs. log (ν) provided the value of b, which is correlated with Li+ diffusion95,98. 
The fitting results are summarized in Figure 12d; a higher value of b suggests faster 
kinetics. PPBT electrodes exhibited b = 0.927, compared with b = 0.814 and 0.691 for the 
Li+ and Na+ alternatives, respectively. These results support the trends observed in the 
cycling and rate capability studies suggesting that the potassium carboxylate offers 
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opportunities for enhanced electrochemical performance vs. the analogous Li+ and Na+ 
based binder systems. Na exhibits the lowest value (b = 0.691), which verifies cycling and 
rate capability trends discussed above and indicates the presence of Na+ in the pristine 
electrode hinders electrode kinetics. The value for the lithium salt falls between the K+ and 
Na+ analogs, which may help elucidate the steady decrease in capacity during cycling and 
rate capability testing.  
 
Figure 12: CV profiles with various scan rates (ν) of (a) PEG/P-Li-BT, (b) PEG/P-
Na-BT, (c) PEG/PPBT and (d) Plot of log (Ipc) vs. log (ν), which were plotted from 
the results of cathodic peak currents of CV curves with different scan rates (ν). 
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 Further insight into the impact of counterion size and structure on the performance 
of the carboxylated binders can be obtained from analysis of EIS results (Figure 13), 
whereby the cells used for the study correspond to those cycled between 0.01 and 3V. 
Impedance testing was performed in the frequency range of 0.1 MHz to 0.1 Hz before 
cycling at 3V and after 100 cycles at their open-circuit voltage (OCV). The Nyquist plots 
support the cycling and rate capability data presented in Figure 10 above. Superior battery 
electrode performance can be attributed to decreased charge transfer resistance (Rct), which 
is estimated from the diameter of the high-frequency semicircle100. Prior to cycling (Figure 
13a), P-Li-BT exhibited the lowest charge transfer resistance, followed closely by P-Na-
BT; while the potassium analog, PPBT, displayed the largest Rct. The initially reduced 
charge transfer resistance for the Li+ analog as compared to the K+ carboxylate corresponds 
well with the observed cycling and rate capability performance. 
 After 100 cycles (Figure 13b), the results were dramatically different. Charge 
transfer resistance for both the potassium and sodium carboxylated polythiophene based 
composite electrodes decreased significantly, while Rct increased in the case of the Li+ 
counterpart. The EIS results after cycling correlate well with the observed stabilized 
capacity retention for both the potassium and sodium systems and the capacity fade in 
capacity for the lithium carboxylate binder. 
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Figure 13: Impedance spectra measured (a) at 3V before cycling and (b) at open-
circuit voltage (OCV) after 100 cycles in the frequency range from 0.1 MHz to 0.1 
Hz. 
 
2.3.5 Spectroscopic Characterization 
 The composite electrodes were further evaluated by XPS after 100 cycles (Figure 
14) to explore differences in chemical composition. The results offer evidence for the 
formation of a stable SEI layer, which can be deduced from the fraction of LiF present in 
the electrode95,101. The survey scans presented in Figure 14a demonstrate that a simple 
change in counterion can lead to substantial differences in chemical composition of the 
corresponding electrodes. Note that the ions associated with the carboxylated binder were 
absent after cycling. Figure 14b provides the F 1s scan, where that the potassium 
containing PPBT based system exhibited a substantially more intense peak, while the Na 
and Li analogs appeared to have similar, lower levels of F-. The higher fraction of LiF in 
the cycled PPBT-based electrodes suggests formation of a stable SEI layer and helps to 
validate the electrochemical results discussed above. As evidenced by the C 1s and O 1s 
data (Figure 14c, d), the proportion of organic compounds within the SEI layer was 
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relatively higher when P-Na-BT was used as the binder in comparison to either the PPBT 
or P-Li-BT containing composites. These results may explain why the Na-based electrodes 
stabilized to the same level as the PPBT alternatives by 100 cycles.  
 
Figure 14: XPS analysis of SEI layer after 100 cycles: (a) Survey scan, (b) F 1s scan, 
(c) C 1s scan, and (d) O 1s scan. 
 
 In addition to chemical composition, molecular interactions between the active 
material and polymeric binders are expected to impact electrochemical performance. To 
that end, Fourier infrared (FT-IR) spectroscopy provides a convenient tool to uncover 
differences in how the electrode components interact. The PPBT carboxylate moieties 
exhibit vibrational bands at 1556 and 1400 cm-1, which correspond respectively to the O-
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C-O asymmetric and symmetric stretching modes (Figure 15a)11,71. These same bands 
appeared in all ion-exchanged derivatives of PPBT (Figure 15a-f), providing support for 
successful ion-exchange with no impact on the base polymer structure. To further elucidate 
relevant chemical/molecular interactions within the composite systems, FT-IR samples 
were prepared by scraping powder samples from the electrodes for direct comparison to 
the individual components (PEG-Fe3O4 and PPBT ion exchanged polymeric binder). New, 
lower intensity peaks not present in the raw materials were observed at around 1766 cm-1, 
corresponding to a C=O stretching vibration. In addition, upon incorporation into the 
composite, the polythiophene carboxylate O-C-O asymmetric stretching vibration 
underwent a shift to higher energy, namely from roughly 1556 cm-1 in the parent polymer 
to 1530 cm-1 in the composite for each analog. The shift to lower frequency (higher energy) 
suggests weakening due to Fe-carboxylate bonding16.  Figure 15g15 provides a schematic 
representation of how the 1766 cm-1 and 1530 cm-1 bands are believed to correspond to a 
Fe-carboxylate bond between the active material and polymeric binder. The FT-IR results 
support the presence of intermolecular interactions between the polythiophene binder 
carboxylate moiety and Fe3O4 not only in PPBT15, but in all ion exchanged carboxylate 
salts. In the case of the ammonium salt, P-NH4-BT (Figure 15d), the intensity of the C=O 
band was significantly lower than its alkali metal alternatives, perhaps due to weaker Fe-
carboxylate interactions. Further, these interactions were absent in composite prepared 
with the carboxylic acid derivative, P-H-BT (Figure 15e). Interactions between the binder 
and high capacity active material have previously been reported as critical factors 
influencing electrode stability11,71. 
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Figure 15: FT-IR spectra of raw materials (PEG-Fe3O4, polymeric binder) and 
electrode slurry. (a) FT-IR spectra of PPBT binder. (b) FT-IR spectra of P-K-BT 
control binder. (c) FT-IR spectra of P-Li-BT binder. (d) FT-IR spectra of P-NH4-BT 
binder. (e) FT-IR spectra of P-H-BT binder. (f) FT-IR spectra of P-Na-BT binder. 
(g) Proposed chemical interactions between Fe3O4 and polymeric binder in electrode 
slurries. Adapted with permission from ref 11. 
 
 Support for the presence of bonding between PPBT and the Fe3O4 surface can be 
attained from XPS analysis, specifically of the Fe 2p core level (Figure 16). The observed 
peaks at ~712 and ~724 eV correspond to Fe 2p3/2 and Fe 2p1/2 orbitals, respectively; while 
the absence of a peak mid-way between and associated with Fe3+, confirms a pure 
magnetite phase102. The appearance of this shakeup satellite peak in PEG-Fe3O4/PPBT 
electrode slurries confirms the presence of chemical/bonding interactions between PPBT 
and the Fe3O4 surface. This peak was observed for electrode slurries prepared with the 
lithium, sodium and potassium analogs. The absence of interactions between the active 
material and P-H-BT and P-NH4-BT may negatively affect electrode stability thereby 
hindering electrochemical performance. 
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Figure 16: XPS spectra of electrode slurries. (a) XPS spectra of PPBT electrode 
slurry. (b) XPS spectra of P-K-BT control electrode slurry. (c) XPS spectra of P-Li-
BT electrode slurry. (d) XPS spectra of P-NH4-BT electrode slurry. (e) XPS spectra 
of P-H-BT electrode slurry. (f) XPS spectra of P-Na-BT electrode slurry. 
 
2.4 Conclusions 
 The results presented in this investigation demonstrate the impact of cation size 
effects on overall electrochemical performance. In all discussed systems, PEG aids in 
limiting magnetite aggregation, as previously demonstrated15,27. New to this study is the 
inquiry into the affinity of the cation to the PEG surface coating, where Na+>Li+ (with 
further evidence needed for K+), which improved dispersion of the active material within 
the binder. Improved dispersion noticeably impacted rate capability performance, 
particularly at high current densities (1C and 2C), and allowed the capacity of the sodium 
derivative to improve as a result of a steady increase in the active material surface area. 
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 Increased cation size positively impacted kinetics, capacity retention, SEI layer 
formation and charge transfer resistance. Cation size was previously shown to improve 
ionic conductivity92,93 and may also impact porosity within the electrode, which would 
subsequently affect ion transport. The largest cation in this study, potassium, exhibited the 
most stable performance, which could be a result of a more porous morphology that is able 
to support ion transport. Deviations from the proposed correlation between cation size and 
improved performance can be explained from lithium derivatives exhibiting an artificially 
high capacity at the start of testing, which would impact initial capacity values, charge 
transfer resistance before cycling, and kinetics. The positive, initial effects from lithium 
are intrinsically due to its importance in the overall system and not a reflection on the cation 
size effects. Lithium is smaller in size causing a more tightly packed system, which may 
ultimately be limiting ion transport. Since potassium and sodium are larger cations, they 
are positively improving ion transport, as evidenced through electrochemical testing.  
 Using PEG in conjunction with a carboxylated polythiophene binder for high-
capacity composite battery electrodes, we demonstrated that cation size and structure 
impacts interfacial interactions and chemical binding between the components of the 
composite. These, in turn, significantly affect the overall electrochemical performance of 
the system. Unexpectedly, while the lithium salt analog exhibited initial higher capacity, 
that capacity was not retained upon cycling. Alternatively, the larger potassium cation 
based composite exhibited reduced charge transfer resistance and stable SEI layer 
formation, which improved cycling performance and rate capability. Furthermore, 
interactions between PEG, introduced to limit aggregation of the active material, and the 
counterion present in the polymeric binder can facilitate materials dispersion, leading to 
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enhanced rate capability at higher current densities. The strategies discussed here in 
determining how ions present within a composite electrode can either aid or hinder 
transport create a framework for the future design of polymeric binders for high 
performance high capacity electrodes. Simultaneously, the results provide insight into how 
the molecular structure of the individual components of composite electrodes can be 
manipulated to optimize the interfacial interactions/interfacial chemistries that markedly 
influence overall electrochemical performance.  
  
 40 
CHAPTER 3. TUNING SEMICONDUCTING POLYMERS FOR 
BINDER APPLICATIONS 
3.1 Introduction 
To meet societal expectations of light-weight consumer electronics with extended 
battery lifetimes and electric vehicles able to traverse hundreds of miles on a single charge, 
new materials designs that effect an increase the energy density of battery technologies are 
imperative.5 Current state-of-the-art lithium-ion technology relies on graphite-based 
anodes, which have a relatively low theoretical capacity of 372 mAh g-1.4 Alternative active 
materials, such as transition metal oxides providing multiple electron transfers per formula 
unit, promise markedly higher specific capacities (~500-1000 mAh g-1)1, but most of these 
oxides suffer from poor conduction.  Fe3O4 (magnetite) and RuO2, are notable exceptions 
that exhibit high electronic conductivities,77–79 with Fe3O4 having additional advantages in 
terms of being earth abundant, low cost and environmentally friendlier.1,77–79 The practical 
implementation of magnetite, however, is limited by its poor cycling stability due to 
significant volume changes during continuous charging/discharging that are directly 
related to its conversion mechanism.31,103 
 To ameliorate the large volume changes experienced by magnetite and other active 
materials that occur during cycling, it has been suggested that the polymeric binder 
component of the composite electrode can help reinforce the system, thereby helping to 
preserve active material and electrode integrity during cycling.56,71 The prevailing 
polymeric binder used in battery electrode applications, poly(vinylidene difluoride) 
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(PVDF), is robust and readily available; however, as a result of weak van der Waals 
interactions between the active material and the polymer, it is unable to effectively 
accommodate large volume changes in spacing between particles that inevitably occur 
during cycling.50 Thus, further advancements in polymeric binder design are needed, given 
their critical role in maintaining both electronic and mechanical integrity of battery 
electrodes.61 
 While PVDF represents a workhorse polymer frequently used to bind the active 
material and conducting agents together in composite electrodes, water soluble alternatives 
are beginning to emerge as attractive, low cost and more sustainable alternatives. For 
instance, carboxymethyl cellulose (CMC) and polyacrylic acid (PAA) enable aqueous 
processing, obviating the need for toxic solvents, and further, it has been suggested that 
hydrogen bonding interactions between the carboxylate moiety on the polymer and surface 
hydroxyl groups on the active material (i.e. Si, Fe3O4), may help promote ion transport.50,52–
57 Other alternatives, including semiconducting and conducting polymers, which provide 
for varying degrees of electronic conductivity have also been reported.49,83,104,105 For 
instance, semiconducting polymers that can be doped during battery cycling thereby 
supporting electronic conductivity within the electrode,  have been explored, and it has 
been suggested that conductive binders may reduce the need for the incorporation of 
conductive additives, such as Super P or Carbon Black.60 With respect to the latter, use of 
conductive polymeric, poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester),  
as the binder component for SiO anodes obviated the need for conductive additives.64 The 
ongoing development of polymeric binders, whether water-soluble or conductive, has 
demonstrated that binder chemistry is integral to the design and development of high-
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performance anodes,62 and ideally, in addition to serving as an adhesive to preserve 
electrode mechanical integrity, the binder component should facilitate electronic/ionic 
conductivity.61  
 While several alternative polymers have been reported to positively impact high 
capacity anode electrochemical performance, especially assisting in enhancing conduction, 
systematic studies that explore the roles of particular chemical functionalities are lacking. 
For instance in silicon anode systems, a water-soluble conductive binder consisting of 
carboxymethyl cellulose (CMC) and poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) showed improved electrochemical performance,55 
while in magnetite systems, poly(3-potassium-4-butanoate thiophene) (PPBT) used in 
conjunction with polyethylene glycol (PEG) has proven effective.106 The non-conjugated 
carboxylated polymer, PAA, has also been investigated as a binder for silicon-based 
anodes.50,56,57,59 This low cost, water soluble, acidic polymer readily binds to the active 
material surface, facilitating improved electrode stability coupled with  “green” electrode 
fabrication.57 In comparison to CMC, it was suggested that the higher concentration of 
carboxylate functional groups enabled the improved performance of PAA electrodes.50  
 Here, we investigate the role of carboxylate functionalities and the ability of the 
binder to support electronic conduction on performance of magnetite-based anodes for Li-
ion battery applications. Specifically, the potassium salt of the insulating acrylate PAA, 
named PAA-K, was used to explore electrode electrochemical characteristics in the 
presence of carboxylate, while PPBT served as a carboxylated semiconducting polymer 
control. Two conducting polymers were evaluated to investigate possible synergies 
between carboxylation and electronic conductivity that support electrode performance, 
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namely, PEDOT:PSS and a carboxylated derivative, a water-soluble alternating copolymer 
of a functionalized 3,4-propylenedioxythiophene unit with a 2,2’-bis(3,4-
ethlyenedioxythiophene) unit (WS-PE2).  Electrodes fabricated with each of these 
polymers were characterized by examining their specific capacity and capacity retention 
upon cycling, coulombic efficiency, rate capability, and electrode kinetics. The results 
provide fundamental insights into the role and importantly, impact of functional groups 
present on binders used for high-capacity composite anodes in promoting efficient electron 
and ion transport pathways.  
3.2 Materials and Methods 
3.2.1 Materials 
 Fe3O4 nanoparticles (~10 nm) were synthesized by a previously reported 
coprecipitation process using aqueous solution of iron(III) chloride hexahydrate, iron(II) 
chloride hexahydrate, and triethylamine.29,88 For preparation of Fe3O4 particles coated with 
PEG (PEG-Fe3O4), 0.5 g of Fe3O4 powder in 5 g of water were sonicated at room 
temperature with an ultrasonic probe for 1.5 min (3 pulses of 30 s each, operated at 50 W, 
Qsonica Q700 sonicator). PEG 1500 solution (2 mL; 50% w/v, Sigma-Aldrich) was added 
with sonication for 30 s, and this process was repeated four times until the total amount of 
PEG 1500 was 8 mL. The PEG-Fe3O4 powders were washed and extracted by centrifuge 
separation (VWR Clinical 200) using acetone with speed of 6000 rpm for 5 min for 3 times. 
 PPBT (Mw: 21 kDa, polydispersity: 2.2, head to tail regioregularity: 89%) was 
purchased from Rieke Metals Inc. WS-PE2 was synthesized through a previously described 
method.107 PAA (Mw: 1180.5 kDa, polydispersity: 2.03) was purchased from Sigma 
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Aldrich and Mw was determined by size exclusion chromatography (Figure 18). To 
produce the potassium salt form of PAA, the polymer was dispersed in water, excess KOH 
(1 M, 3 mL) and allowed to mix for 30 min. Excess K ions were removed with dialysis for 
a 3-day period in a total of 3 L of DI water. The PAA-K polymer was verified through XPS 
(Figure 17). The C 1s scan reveals a shifting to lower binding energies of C-O and C=O 
bonds, which would result from the additional K+ present. In PAA-K, two additional peaks 
are present (293 eV and 295.5 eV), which are associated with K and confirm a successful 
ion exchange.89 The same shifting of binding energies is observed in the O 1s scan, 
providing further confirmation. 
 
Figure 17: XPS spectra of PAA and PAA-K. (a) C 1s scan and (b) O 1s scan. 
 
3.2.2 Size Exclusion Chromatography 
 A SEC-multi-angle light scattering (MALS) setup was used to determine the 
molecular weight and polydispersity of PAA. A 20 µL injection of 2.5 mg/mL PAA 
dispersed in a buffer of pH 9 (0.3 M NaNO3, 0.1 M H2NaPO4, and 0.02% NaN3 w/v) was 
used. The SEC system consisted of an Agilent 1260 Infinity II with ISO Pump and 1260 
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Vialsampler. An Agilent PL aquagel guard column was followed by two Agilent PL 
aquagel-OH MIXED-H columns (8um 300 x 7.5mm). The MALS system consisted of a 
Wyatt DAWN HELEOS-II and Otpilab T-rEX. Analysis was completed using Astra 7.1 
software. The reported chromatograms displayed the light scattering trace from the 90° 
detector (Figure 18). The dn/dc value for PAA used was 0.17 mL g-1. 
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Figure 18: SEC curve of PAA. 
 
3.2.3 Electrode Fabrication and Electrochemistry  
 The slurries for the electrodes were prepared by mixing PEG-Fe3O4 (0.1 g), carbon 
additives (0.02 g), and PPBT (10 wt% solution, 0.2 g) with a weight ratio of PEG-
Fe3O4:carbon:polymer = 71.4:14.3:14.3. The slurries for WS-PE2 and PAA-K electrodes 
were prepared with the same weight loading, but concentrations of solutions varied based 
on viscosity differences in the polymers. WS-PE2 was added at a 2.5 wt% solution and 
PAA-K was used in a 5 wt% solution. The electrodes for field-emission scanning electron 
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microscopy (FE-SEM, Zeiss Ultra-60) measurement, electrochemical evaluation and 
spectroscopy characterization were produced by blade coating (doctor blade, MTI corp). 
The electrodes were first allowed to dry at room temperature for 1 h, followed by 110 °C 
for 12 h in a vacuum oven. 
 PEDOT:PSS electrodes were fabricated using a monodispersed spherical Fe3O4 
(sFe3O4), using a previously reported solvothermal synthesis method.108 The 
sFe3O4/PEDOT:PSS electrode and sFe3O4/carbon/PEDOT:PSS electrode were prepared in 
a weight ratio of 96.2:3.8 and 71.4/14.3/14.3, respectively, and were blade-coated onto a 
Cu foil substrate. These compositions were determined through conductivity testing, based 
on the conductivity threshold. The electrodes were first allowed to dry at room temperature 
for 1 h, followed by 110 °C for 12 h in a vacuum oven. 
 Stainless-steel coin cells (2032-type) were used for electrochemical measurements. 
Lithium metal, purchased from MTI corp., was used as a counter electrode and 1 M LiPF6 
in ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 by weight), purchased 
from BASF, was used as the electrolyte. Before electrochemical testing, the capacity of 
each coin cell was confirmed by charging and discharging at a current density of 40 mAg-
1 (~0.05 C), using an Arbin battery cycler. The tests were then proceeded for cycling and 
rate capability. Cyclic voltammetry (CV) was performed in the potential range of 0.01-3 V 
at the rate of 0.5 mV s-1 and electrical impedance spectroscopy (EIS, Metrohm Autolab 




3.2.4 Electronic Conductivity Measurements  
 Measurements followed the same procedure as previously detailed.38 For these 
measurements, the electrode devices with two bottom contacts (channel width = 10 µm and 
length = 50 µm) were used for electrical characterization, where composite film were 
deposited via mold-casting on a silicon wafer with a 300 nm thick SiO2. The 
characterization process follows from a previously detailed procedure109: Au was used for 
the source and drain contacts that were fabricated using a standard photolithography based 
on a lift-off process, followed by Denton Explorer E-beam evaporation of 3 nm thick Cr 
as the adhesive layer and sequentially Au contact with 50 nm thickness. Before casting, all 
devices were exposed in a UV-ozone cleaner (Novascan PSD-UV) for 15 min to 
completely remove any organic contaminants. The prepared composite electrodes were 
casted via a mold-casting technique38 and were tested in a nitrogen ambient glovebox using 
a semiconductor parameter analyzer (Agilent 4155 C). Composite electrode conductivity 
is measured simultaneously at three different points. Two voltage probes between the 
source and drain electrodes monitor the potential along the conductive channel. The 
resulting electronic conductivity was calculated by: 






 where W (10 µm), L (50 µm), and t are the channel width, length, and film thickness, 




3.2.5 Microscopic Characterization 
 FE-SEM images were observed on the surface view of the electrodes using a Zeiss 
Ultra-60 FE-SEM with an accelerating voltage of 5 kV using the high vacuum mode at 
room temperature. 
3.2.6 Spectroscopic Characterization 
 The electrode samples for spectroscopy measurements were prepared by removing 
powder samples from the prepared electrodes. X-ray spectroscopy (XPS) characterization 
was performed using a Thermo K-Alpha XPS system. The instrument was equipped with 
a monochromatic Al-K X-ray source (1468 eV). Spectra were collected using the flood gun 
and an X-ray spot size of 400 µm. Survey scans were collected with pass energy of 200 eV 
with 1 eV increments. High resolution scans (for specific elements) were collected with 
pass energy of 50 eV with 0.1 eV increments. For XPS analysis of the electrodes after 100 
cycles, the delithiated electrodes were extracted from the cycled coin cells and carefully 
rinsed with DMC three times (5 mL in total) to remove residual electrolyte and then dried 
in a vacuum oven (80°C, 12 hr). 
3.2.7 Hansen Solubility Parameter Analysis 
3.2.7.1 Solubility Tests for Hansen Solubility Parameter (HSP) 
 Five mg of polymer (PAA, WS-PE2, PPBT and PEG) were placed into a vial with 
2 mL of a test solvent. The vial was heated at 70°C for 3 h and sonicated for 60 min. After, 
the vials were permitted to stand and observed for 6 h in ambient temperature. The 
solubility was examined by these solutions via visual observation. In the case of the 
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polymer, solvents would be considered as poor if they were unable to dissolve the polymer 
after dissolving process and good if they were able to dissolve it. On the basis of visual 
examination, HSPs (δD, δP, and δH) and the radius value (R0) of the sphere of interaction 
were calculated and fitted by HSPiP software (Hansen Solubility Parameters in Practice, 
3rd edition). 
3.2.7.2 Hansen Solubility Parameter Analysis  
 To evaluate whether or not a solvent belongs to a sphere of high physical affinity, 
the distance Ra between the solvent and material is calculated by the below equation:38,110 
(𝑅𝑎)
2 = 4(𝛿𝐷1 − 𝛿𝐷2)
2 + (𝛿𝑃1 − 𝛿𝑃2)
2 + (𝛿𝐻1 − 𝛿𝐻2)
2 
where the subscripts 1 and 2 represent the solute and solvent, respectively. The relative 
energy difference (RED = Ra/R0) provides an estimate of whether two materials will be 
miscible (miscible when RED < 1, partially when RED = 1, and immiscible when RED > 
1)110. Good solvents are defined as solvents which can dissolve more than 2.5 mg/mL of 
the polymer, were assigned a score of “1”, while poor solvents were assigned a value of 
“0”.  
3.2.7.3 Solubility Test Results 
 The solubility of the various polymers in this investigation in a wide range of 
solvents is summarized below. 
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Table 3: Good and bad solvents in tests of PPBT surface affinity and their RED 
values. (δD = 19.05 MPa1/2, δP = 25.96 MPa1/2, δH = 26.85 MPa1/2, Ro = 19.9 MPa1/2, 
Data fit 0.976). 
Solvent δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Surface Affinity RED 
1,2,4-Trichlorobenzene 20.2 4.2 3.2 Bad 1.629 
Acetone 15.5 10.4 7 Bad 1.314 
Chlorobenzene 19 4.3 2 Bad 1.664 
Chloroform 17.8 3.1 5.7 Bad 1.578 
Ethanol 15.8 8.8 19.4 Bad 1.002 
Hexane 14.9 0 0 Bad 1.924 
Tetrahydrofuran 16.8 5.7 8 Bad 1.414 
Toluene 18 1.4 2 Bad 1.766 
Tricholoroethylene 18 3.1 5.3 Bad 1.59 
Diethylene Glycol 16.6 12 19 Good 0.848 
Dimethyl Formamide 17.4 13.7 11.3 Good 1.01 
Dimethyl Sulfoxide 18.4 16.4 10.2 Good 0.967 
Ethylene Glycol 17 11 26 Good 0.796 




Table 4: Good and bad solvents in tests of PEG1500 surface affinity and their RED 
values. (δD = 19.39 MPa1/2, δP = 24.56 MPa1/2, δH = 27.24 MPa1/2, Ro = 19 MPa1/2, 
Data fit 1.000). 
Solvent δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Surface Affinity RED 
1,2,4-Trichlorobenzene 20.2 4.2 3.2 Bad 1.66 
Acetone 15.5 10.4 7 Bad 1.363 
Chlorobenzene 19 4.3 2 Bad 1.704 
Chloroform 17.8 3.1 5.7 Bad 1.609 
Dimethyl Formamide 17.4 13.7 11.3 Bad 1.037 
Ethanol 15.8 8.8 19.4 Bad 1.001 
Hexane 14.9 0 0 Bad 1.988 
Tetrahydrofuran 16.8 5.7 8 Bad 1.444 
Toluene 18 1.4 2 Bad 1.809 
Tricholoroethylene 18 3.1 5.3 Bad 1.622 
Diethylene Glycol 16.6 12 19 Good 0.844 
Dimethyl Sulfoxide 18.4 16.4 10.2 Good 1 
Ethylene Glycol 17 11 26 Good 0.76 




Table 5: Good and bad solvents in tests of PAA surface affinity and their RED 
values. (δD = 19.67 MPa1/2, δP = 6.08 MPa1/2, δH = 15.62 MPa1/2, Ro = 12.7 MPa1/2, 
Data fit 1.000). 
Solvent δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Surface Affinity RED 
Acetone 15.5 10.4 7 Bad 1.004 
Chlorobenzene 19 4.3 2 Bad 1.087 
Hexane 14.9 0 0 Bad 1.519 
Toluene 18 1.4 2 Bad 1.164 
Water 15.5 16 42.3 Bad 2.336 
1,2,4-
Trichlorobenzene 
20.2 4.2 3.2 Good 0.993 
Chloroform 17.8 3.1 5.7 Good 0.867 
Diethylene Glycol 16.6 12 19 Good 0.723 
Dimethyl Formamide 17.4 13.7 11.3 Good 0.777 
Dimethyl Sulfoxide 18.4 16.4 10.2 Good 0.94 
Ethanol 15.8 8.8 19.4 Good 0.711 
Ethylene Glycol 17 11 26 Good 0.998 
Tetrahydrofuran 16.8 5.7 8 Good 0.752 




Table 6: Good and bad solvents in tests of WS-PE2 surface affinity and their RED 
values. (δD = 15.92 MPa1/2, δP = 14.01 MPa1/2, δH = 30.64 MPa1/2, Ro = 11.9 MPa1/2, 
Data fit 1.000). 
Solvent δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Surface Affinity RED 
1,2,4-Trichlorobenzene 20.2 4.2 3.2 Bad 2.552 
Acetone 15.5 10.4 7 Bad 2.011 
Chlorobenzene 19 4.3 2 Bad 2.593 
Chloroform 17.8 3.1 5.7 Bad 2.309 
Dimethyl Formamide 17.4 13.7 11.3 Bad 1.644 
Dimethyl Sulfoxide 18.4 16.4 10.2 Bad 1.779 
Ethanol 15.8 8.8 19.4 Bad 1.041 
Hexane 14.9 0 0 Bad 2.836 
Tetrahydrofuran 16.8 5.7 8 Bad 2.032 
Tricholoroethylene 18 3.1 5.3 Bad 2.344 
Toluene 18 1.4 2 Bad 1.164 
Diethylene Glycol 16.6 12 19 Good 0.999 
Ethylene Glycol 17 11 26 Good 0.499 




3.3 Results and Discussion 
 While PAA, PPBT and PEDOT:PSS have been investigated as alternative binders 
for high-capacity Li-ion battery electrode applications, a systematic investigation leading 
to understanding of the role of carboxylate and conjugated functionalities has yet to 
emerge. Both PAA and PEDOT:PSS have been reported to enhance silicon anode 
performance,50,55–57,59 while PPBT has been shown effective for a range of metal oxide 
active components.11,86,95,108 To elucidate the impact of the predominant functionalities, the 
performance of electrodes fabricated with PAA, PPBT and PEDOT:PSS are described 
below. 
3.3.1 PEDOT:PSS Electrochemical Characterization 
 Preliminary investigation into PEDOT:PSS, confirmed conclusions drawn from 
studies using poly(3-hexylthiophene) (P3HT) that while electronic conductivity is a factor 
to consider in the design of a binder for composite electrode materials, it is not a sufficient 
criterion.38 As presented in Figure 19a in comparison to P3HT, PPBT and PVDF, 
PEDOT:PSS is highly conductive (55 S/cm).  Yet counter to PVDF and the thiophenes, the 
conducting polymer does not undergo a significant increase in conductivity upon 
incorporation of carbon (Figure 19b).38 When used as a binder for magnetite-based 
electrodes, PEDOT:PSS (Figure 19c) exhibited poor capacity retention at 0.3 C between 
0.01 and 3V and poor overall performance, even with the addition of carbon to promote 
electron transport. SEM images (Figure 19d) suggest that PEDOT:PSS adopts a 
morphology that may hinder ion transport, illustrating that high electronic conductivity is 
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an insufficient criterion for achieving enhanced electrochemical performance and ion 
transport must be a prime consideration.11,38  
 
Figure 19: PEDOT:PSS conductivity and composite electrode characteristics. (a) 
Conductivity measurements (b) Conductivity as a function of carbon loading (c) 
Capacity retention (capacity vs. cycle number) at 0.3 C between 0.01 and 3 V (d) 
SEM image of electrode surface for Fe3O4/carbon/PEDOT:PSS (e) SEM image of 
electrode surface for Fe3O4/PEDOT:PSS. 
 
3.3.2 Polymers of Interest  
 The incorporation of carboxylate functionalities facilitated the investigation of how 
the polar substituent can impact electrochemical performance, both in the presence and 
absence of conjugated moieties that can support electron transport. Specifically, three 
water-soluble, carboxylated polymers (Figure 20) investigated here included the 
potassium salt of PAA (PAA-K), PPBT and the PEDOT:PSS derivative, WS-PE2, which 
is a water soluble (WS) copolymer comprising a functionalized 3,4-
propylenedioxythiophene unit (Px) with a 2,2’-bis(3,4-ethylenedioxythiophene) unit (Ex). 
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Compared to the parent PEDOT:PSS, the polar side chains on the solvent resistant form of 
PE2 were reported to allow for enhanced ion transport. WS-PE2 exhibited low oxidation 
potential, broad redox-active potential window, rapid charge transport, and high 
capacitance values in supercapacitor applications.107 In order to mitigate active particle 
aggregation and improve particle dispersion, polyethylene glycol (PEG) was physically 
introduced onto the Fe3O4 particle surface,11,30,43,84 where resultant PEG-Fe3O4 particles 
were composed of ~11 wt% PEG (TGA analysis, Figure 21). Control studies were also 
performed in the absence of PEG. 
 
 
Figure 20: Polymers of interest: WS-PE2, poly[3-(potassium-4-butanoate)thiophene] 
(PPBT), and the potassium salt form of polyacrylic acid (PAA-K). 
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~11 wt% PEG coating
 
Figure 21: TGA profile of PEG coating, which is carried out in nitrogen in the 
temperature range of 25‒600C at a heating rate of 10C/min, confirming ~11 wt% 
PEG coating. 
 
3.3.3 Microscopic Characterization 
Electrodes were prepared with Fe3O4 active material, carbon additives, and 
polymeric binder in the same manner as previously described.38 Since transport limitations 
at the aggregate level can significantly impact Fe3O4 electrochemistry,111 composite 
morphology was evaluated through SEM (Figure 22), and as anticipated, electrodes 
fabricated without PEG to inhibit active material aggregation generally comprised larger 
aggregates (Figure 22a-c).11,30 Use of PEG (Figure 22d-e) afforded electrodes with more 
uniform morphology and significantly fewer larger aggregates.  
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Figure 22: SEM images of electrode surface. 
 
3.3.4 Hansen Solubility Parameter Analysis   
 The physical compatibility between electrode constituents was further evaluated 
using Hansen solubility parameter (HSP) analysis which enables estimation of the physical 
affinity between different materials.38 Specifically, materials with similar HSP values 
exhibit high physical affinities, which correlates well with compatibility.38 HSPs were 
calculated using the respective polymer solubility in a range of solvents with known HSP 
values. HSPs (dispersion, polar, and hydrogen bonding parameters, δD, δP, δH, respectively) 
and the radius (R0) of the sphere of interaction for the materials was obtained through 
Abbott and Hansen software.112 Solvents within R0 are expected to disperse/dissolve the 
solute, whereas solvents outside of R0 are not expected to be effective.110,113,114 The details 
associated with the calculations along with the solubility of the various polymers in a wide 
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range of solvents is summarized above in Materials and Methods. The calculated HSP 
values for the carboxylated polymers and PEG are summarized in Table 7. 
Table 7: Hansen solubility parameters (HSPs) of the active material coating, PEG, 
and various polymeric binders. 
Material δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) R0 (MPa1/2) Data fit 
PPBT 19.05 25.96 26.85 19.9 0.976 
PEG 1500 19.39 24.56 27.24 19 1.000 
WS-PE2 15.92 14.01 30.64 11.9 1.000 
PAA 19.67 6.08 15.62 12.7 1.000 
 
 RED values calculated for PEG with respect to WS-PE2, PPBT, and PAA were 
13.1, 1.6, and 21.8, respectively. A lower RED value is an indication of better materials 
miscibility, where the physical affinity with PEG follows the trend: PPBT > WS-PE2 > 
PAA based on the RED values. The Hansen spheres (Figure 23) present the relationship 
of interactions for PEG/WS-PE2, PEG/PAA, and PEG/PPBT. Generally, when regions of 
affinity of different materials are superimposed, the components are expected to experience 
very high physical attraction.115  Together with their RED value, in order to confirm the 
extent of overlap between two spheres of interaction, the sphere intersection volume (Vint) 
was calculated and the superimposed volume portion (%Vint) for each polymer volume was 
obtained by Vint/Vpolymer, as illustrated in Figure 23. Values close to 100% indicate mutual 
compatibility, but values that are low suggest that two phases could readily form upon 
mixing. The HSP results strongly suggest that the physical affinity between PEG and PPBT 
is substantially more favorable that between PEG and either WS-PE2 or PAA.  
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Figure 23: Hansen solubility parameter (HSP) spheres of interaction for (a) PEG 
1500 and WS-PE2, (b) PEG 1500 and PAA, (c) PEG 1500 and PPBT. %Vint refers to 
the superimposed volume portions in which PEG is occupied by the other polymer. 
 
3.3.5 Electrochemical Characterization 
 The impact of carboxylate and conjugated functionalities in polymeric binders used 
in the fabrication of magnetite-based anodes, in the presence/absence of PEG was further 
elucidated through electrochemical characterization. Tests were performed using coin cells 
fabricated with Li metal counter electrodes and working electrodes prepared with Fe3O4 
active material (with/without PEG coating), carbon additives and polymeric binder in a 
71.4:14.3:14.3 mass ratio, which was chosen based on prior results to facilitate direct 
comparison.38 The electrolyte was 1 M LiPF6 in ethylene carbonate (EC) and diethylene 
carbonate (DEC) (1:1 by weight). Charge-discharge cycling (Figure 24a) was conducted 
at a current density of 240 mA g-1 (~0.3 C) for 100 cycles to determine capacity retention. 
Corresponding Coloumbic efficiency is provided in Figure 24b, while galvanostatic 
profiles are provided in Figure 25. Repeatability over three separate coin cells is 
demonstrated in Table 8. 
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 PEG/PPBT provided for the most stable electrode performance over 100 cycles, 
while PAA-K (red) results were clearly inferior. In contrast, the carboxylated PEDOT:PSS 
analog,WS-PE2 (blue) exhibited intermediate cycling performance that was notably 
improved compared to its parent PEDOT:PSS (Figure 19c). After 100 cycles, PPBT and 
WS-PE2 appeared to exhibit similar capacity values, which prompted determination of 
capacity retention of the WS-PE2 electrode for 200 cycles. As presented in Figure 24c, 
despite having a lower capacity, PEG/WS-PE2 electrode performance appears to stabilize 
over 200 cycles. The impact of PEG on cycling was most significant with PPBT as the 
binder, highlighting the need to consider materials physical affinity when designing 
composite materials for electrode applications. While PEG/PPBT resulted in significantly 
improved cycling performance, the incorporation of PEG led to a decrease in PAA-K and 
WS-PE2 performance, perhaps due to its poor physical affinity with the polymers, 
particularly the PAA-K system.  
 Newly fabricated half cells were subjected to rate capability experiments (Figure 
24d) where cells were lithiated at a constant current density of 80 mA g-1 (~0.1 C) and 
delithiated over a wide range of current densities (80 – 1600 mA g-1) between a voltage 
range of 0.01 – 3 V. PEG/PPBT and PEG/PAA-K exhibited similar performance, 
particularly at higher current densities (1 C and 2 C); and the corresponding no PEG 
analogs presented similar trends, although at lower capacity values. Conceivably, PEG 
facilitated materials dispersion, which in turn led to enhanced rate capability 
performance.30 Despite its enhanced cycling stability at 0.3C, WS-PE2 exhibited poor 
overall rate capability performance.  
 60 
 The improved rate capability performance of PAA-K is attributed to the 
concentration of carboxylic groups, as compared to WS-PE2 and PPBT. Magasinski et al. 
previously noted the improvement of PAA with respect to CMC in Si-based anodes is due 
to the higher concentration of carboxylic groups.50 They speculated that a certain fraction 
of the COOH groups in PAA form strong hydrogen bonds with OH groups on the active 
material surface and therefore, the remaining carboxyl groups are able to form COOLi 
groups to protect the anode electrical conductivity from degradation. The concentration of 
carboxylic groups per repeat unit of each polymer was calculated to be 66.9 wt%, 39.9 
wt%, and 34 wt% for PAA-K, PPBT, and WS-PE2, respectively. The trend in increasing 
carboxylic group concentration corresponds well with rate capability data. 
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Figure 24: (a) Cycling performance comparing different polymeric binders with and 
without PEG cycled at 240 mA g-1 (~0.3 C) between 0.01 and 3 V. (b) Coulombic 
efficiency corresponding to cycling performance in (a). (c) Cycling performance of 
PEG/WS-PE2 over 200 cycles at 240 mA g-1 (~0.3 C) between 0.01 and 3 V. (d) 
Delithiation rate capability, where cells are lithiated at a constant current density of 
80 mA g-1 (0.1 C) and delithiated at different current densities between 0.01 and 3 V. 
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Figure 25: Galvanostatic profiles of various polymeric binders. 
 



















PEG/PPBT 826 ± 40 739 ± 43 85.6 ± 0.4 99.1 ± 0.3 
PEG/PAA-K 788 ± 22 342 ± 36 85.5 ± 0.8 98.7 ± 0.6 
PEG/WS-PE2 775 ± 74 658 ± 47 84.0 ± 2.0 98.8 ± 0.6 
No PEG/PPBT 797 ± 37 342 ± 36 86.0 ± 0.8 99.3 ± 0.6 
No PEG/PAA-K 705 ± 32 435 ± 9 80.6 ± 0.7 99.0 ± 0.1 
No PEG/WS-PE2 870 ± 30 556 ± 43 83.7 ± 0.1 99.6 ± 0.2 
 
Further insight into the performance differences between the carboxylated 
polymers can be discerned from analysis of EIS results (Figure 26), whereby the cells used 
here correspond to those cycled between 0.01 and 3V (Figure 24a). Impedance testing was 
performed in the frequency range of 0.1 MHz to 0.1 Hz before cycling at 3V and after 100 
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cycles at their open-circuit voltage (OCV). Superior battery electrode performance can be 
attributed to decreased charge transfer resistance (Rct), which is estimated from the 
diameter of the high-frequency semicircle.100 Prior to cycling, the two conjugated 
polymers, PPBT and WS-PE2 (in the absence of PEG) exhibited the lowest charge transfer 
resistance, while PEG/PAA-K presented with the largest charge transfer resistance, 
consistent with its low initial capacity. The other systems showed the following trend of 
charge transfer resistance: no PEG/PAA-K > PEG/WS-PE2 > PEG/PPBT. After cycling 
(Figure 26b, c), all composites exhibited a decrease in charge transfer resistance, but the 
trends differed. Charge transfer resistance was the lowest for the electrode fabricated with 
PAA-K in the absence of PEG, which is attributed to the concentration of carboxylic 
functional groups, vide supra. The other systems changed in trend of charge transfer 
resistance as compared to before cycling: no PEG/WS-PE2 > PEG/WS-PE2 = PEG/PAA-
K > no PEG/PPBT = PEG/PPBT. The increased charge transfer resistance for WS-PE2 may 
aid in the explanation for poor rate capability performance.  
 
Figure 26: Electrical impedance spectroscopy (EIS) (a) before cycling at 3V, (b) 
after 100 cycles at OCV, and (c) zoomed in after 100 cycles at OCV in the frequency 
range from 0.1 MHz to 0.1 Hz. 
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 Electrode kinetics was evaluated using cyclic voltammetry (CV) performed at 
different scan rates (ν) (Figure 27) to further characterize differences between the 
polymeric binders. The kinetic data was characterized by analyzing the voltammetric 
response of the polymeric binders at various scan rates according to 𝐼𝑝𝑐 = 𝑎𝜈
𝑏, where the 
measured peak current (Ipc) and the potential scan rate (ν) obey a power-law relationship.95–
99 The slope from the plot of log (Ipc) vs. log (ν) provided the value of b, which is correlated 
with Li+ diffusion.95,98 The fitting results are summarized in Figure 28, where a higher 
value of b suggests faster kinetics. Values of b for all systems are provided in Table 9. The 
impact of the PEG surface coating is clearly dependent on interactions between PEG and 
the polymer binder, as illustrated in HSP analysis (Figure 23). Due to the strong 
interactions between PEG and PPBT, large deviations are observed for systems with and 
without PEG. The PEG/PPBT system exhibits a much higher value of b as compared to its 
no PEG counterpart. As evidenced in HSP, the interactions between PEG and WS-PE2 and 
PAA-K are weak in comparison, and the PEG coating in these systems may hinder 
electrochemical performance. PAA-K and WS-PE2 exhibit higher values of b in the 
absence of PEG vs the same polymers used in conjunction with the oligomeric ether used 
to limit active materials aggregation. These values strongly correlate with the trends 
observed in cycling and rate capability studies suggesting the importance of physical 
affinity between active material coatings and polymeric binder. 
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Figure 27: CV profiles with various scan rates (ν) of (a) no PEG/PPBT, (b) no 




Figure 28: Plot of log (Ipc) vs. log (ν), which were plotted from the results of cathodic 
peak currents of CV curves with different scan rates (ν) for (a) electrodes with PEG 
coating on Fe3O4 surface and (b) electrodes without PEG coating Fe3O4 surface. 
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Table 9: Kinetic information for the polymeric binders with and without the PEG 
coating. 




No PEG/PPBT 0.366 
No PEG/PAA-K 0.492 
No PEG/WS-PE2 0.816 
 
3.3.6 Spectroscopic Characterization 
 X-ray photoelectron spectroscopy (XPS) spectra after 100 cycles (Figure 24a) 
revealed information regarding the SEI layer formation. The survey scan (Figure 29a) 
illustrates that only C, O and F remain on the electrode surface after cycling. The F 1s scan 
(Figure 29b) reveals information regarding the stability of the SEI layer through the LiF 
peak.95,101 The intensity of the peak correlates well with the electrochemical performance 
of each system discussed above. PEG/PPBT exhibited the most stable performance and 
subsequently has the highest intensity LiF peak present. No PEG/PAA-K and no PEG/WS-
PE2 show similar peak intensities. PEG/WS-PE2 and no PEG/PPBT have similar and lower 
levels of F-. Finally, the PEG/PAA-K system showed the lowest intensity peak, and 
corresponding worst electrochemical performance. It should be noted that the no PEG 
systems for WS-PE2 and PAA-K have higher intensity peaks compared to their PEG 
counterparts, which further correlates to the importance of physical affinity. Although WS-
PE2 showed similar electrochemical performance, with and without PEG, PEG appears to 
negatively impact the formation of a stable SEI layer. Further evidence of a stable SEI layer 
is derived from C 1s and O 1s data (Figure 29c, d), where a higher proportion of organic 
compounds is desired. Here we see that WS-PE2, with and without PEG, has a higher 
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organic fraction than PEG/PPBT (Figure 29c), which may explain why this polymeric 
binder was able to stabilize to similar levels of PPBT after 100 cycles.  
 
Figure 29: XPS analysis of SEI layer after 100 cycles: (a) Survey scan, (b) F 1s scan, 
(c) C 1s scan, and (d) O 1s scan. 
 
 The XPS spectra of the Fe 2p core level provides preliminary information on the 
chemical interactions present in the various polymeric binder systems with and without 
PEG coating (Figure 30). The peaks at ~712 and ~724 eV correspond to Fe 2p3/2 and Fe 
2p1/2 orbitals, respectively. The absence of the middle peak, associated with Fe3+, confirms 
a pure magnetite phase.102 The presence of this satellite peak illustrates interactions 
between polymeric binder and active material surface. This peak is present in PEG/PPBT 
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and WS-PE2 electrode slurries. The absence of interactions between the active material and 
polymeric binder, as seen without PEG coating and in PAA-K electrode systems, correlated 
with poorer electrochemical performance, attributed to reduced electrode stability (Figure 
24a). 
 
Figure 30: XPS spectra of electrode slurries. (a) XPS spectra of PPBT electrode 
slurry with and without PEG coating. (b) XPS spectra of PAA-K electrode slurry 
with and without PEG coating. (c) XPS spectra of WS-PE2 electrode slurry with 
and without PEG coating. 
 
3.4 Conclusions 
 The PEG/PPBT system demonstrated the most stable performance in cycling, rate 
capability, and SEI layer formation. This is attributed to its high electronic conductivity as 
a result of the polythiophene binder undergoing electrochemical doping during cycling and 
its high physical affinity with PEG. WS-PE2 showed significant improvement over 
PEDOT:PSS, which is attributed to improved ion transport, in conjunction with its high 
electrical conductivity.  WS-PE2 stabilized to similar levels of PPBT in cycling, but was 
not able to maintain performance in rate capability testing. The poor rate performance, 
particularly at high current densities (1 C and 2 C), is attributed to its bulky chemical 
structure and lower concentration of carboxylic groups. PAA-K demonstrated cycling 
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performance similar to no PEG/PPBT, which is a noteworthy improvement compared to 
the traditional PVDF,11,30 but underperforms compared to PEG/PPBT and WS-PE2. 
However, PAA-K exhibited comparable rate capability performance to PEG/PPBT and the 
lowest charge transfer resistance after 100 cycles, which is believed due to its high 
concentration of carboxylic groups.  
 The results presented here highlight the imperative to consider materials chemistry 
and functional group characteristics in complex composites in an integrated system 
approach. In the case of high-capacity electrodes for battery applications, the molecular 
structure of the polymeric binder and its chemical and physical interactions with the 
electrode constituents significantly impacts electrochemical performance. For instance, 
while PEG aided in limiting magnetite aggregation,11,30 the physical affinity of the binder 
with the PEG active material coating proved important when designing composite 
electrodes. As elucidated through HSP analysis, PEG and PPBT demonstrated the highest 
physical affinity, which in turn led to enhanced electrochemical performance. 
Alternatively, WS-PE2 and PAA exhibited limited physical affinity with PEG, and as a 
direct result, saw no improvements in electrochemical performance when used in 
conjunction with the coating and showed kinetic limitations. In contrast to the cycling 
performance and kinetics results, use of PEG appeared to afford enhanced rate capability 
performance in all polymer systems examined here. 
 High physical affinity between the polymeric binder and coating, as determined by 
HSP analysis, can be utilized to predict cycling stability, kinetics, and SEI layer formation, 
whereas, morphology is foretelling for rate capability performance, as demonstrated 
through PEG coating dispersion. The ideal polymeric binder aids in both electron and ion 
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transport through electronic conductivity and high concentration of carboxyl groups, as 
evidenced through electrochemical testing. 
 Using a variety of water-soluble, carboxylated binders for high-capacity composite 
battery electrodes, we demonstrated how functional group chemistries impact the critical 
interfaces and interactions between components in the system. Physical affinity between 
the polymeric binder and active material coating is an important consideration in the design 
of materials, which significantly impacts the overall electrochemical performance in a 
system. Poor physical affinity can lead to slower reaction kinetics, higher charge transfer 
resistance, and less stable SEI layer formation. Binder functional group chemistry also 
plays a key role. While a conjugated conducting backbone can facilitate electron transport 
within electrodes, high conductivity does not directly correlate to enhanced performance; 
additional factors, such as the presence of polar functionalities, such as carboxylates and 
their concentration are also important considerations. The strategies discussed here 
determine how conjugated polymers and carboxyl moieties can either aid or hinder 
transport within composite electrodes create a framework for the future design of binder 




CHAPTER 4. PPBT MAGNETITE SURFACE 
FUNCTIONALIZATION AND POLYMERIC BINDER-CARBON 
INTERACTIONS 
4.1 Introduction 
 Current lithium-ion battery technology relies on graphite-based anodes, which have 
a low theoretical capacity of 372 mAh g-1.4 Efforts to exceed this value have led to 
extensive research of alternative anode materials. Potential candidates, including 
silicon61,116 and metal oxides,13,74–76 exhibit superior capacities and have been considered 
for next generation Li-ion batteries. Among these materials, magnetite (Fe3O4) is low-cost, 
earth abundant, and environmentally friendly, with a theoretical capacity of ~925 mAh g-
1.77 A challenge with implementation of Fe3O4 as an active material comes from its rapid 
capacity fading due to large volume changes during charging-discharging processes.80 
Thus, designing electrode materials to alleviate volume changes is the first step toward 
developing high-performance batteries. 
 Three main strategies have been previously discussed for improving the cycle-life 
of magnetite-based anodes and similar alloying-based systems, such as silicon. One 
approach has focused on active material synthesis to control crystallite size. The first 
investigation into magnetite crystallite size effects by Komaba et al.37 revealed that 
nanocrystalline (10 nm) magnetite had the highest initial capacity. Sizing down particles 
to the nanoscales has been shown to shorten Li-ion diffusion pathways and increase 
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reversible capacity and rate capability.18,20,38 In this study, we use a ~10 nm crystallite size 
active material. 
 Another approach for enhancing a magnetite-based system has been to introduce 
conductive carbon coatings onto the active material surface.1,32,33 Carbon materials are 
often employed to enhance electrical conductivity, improve rate performance, and have 
been shown to improve electrochemical properties of Fe3O4 anodes, acting as a buffer to 
relieve volume changes during cycling.1,20,31,32 A third strategy deals with incorporating 
water-soluble and/or semiconducting polymeric binders. The choice of binder is critical for 
maintaining contact between the active material and conductive additives in a composite 
electrode during repeated expansion/contraction of the active material during charging-
discharging processes.48 Water-soluble binders are emerging as an attractive, low-cost, and 
more environmentally friendly alternative to the traditional poly(vinylidene fluoride) 
(PVDF). Other alternatives to PVDF include semiconducting polymeric binders that can 
be doped during cycling and support electronic conductivity in the electrode.60 A water-
soluble, carboxylate-substituted polythiophene binder, poly[3-(potassium-4-butanoate) 
thiophene] (PPBT), combines the advantages of using water-soluble and semiconducting 
binders and was previously demonstrated to enhance electrochemical performance in 
magnetite-based anode systems.11,30 
 Here, we focus on combining the advantages of strategies two and three by 
functionalizing our active material surface with PPBT and exploring the overall role of the 
composite electrode. Two covalent attachment strategies, specifically an (3-
aminopropyl)triethoxysilane (APTES) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry and a Fischer esterification 
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approach, are implemented for understanding how surface chemistry and functionalization 
strategy impacts overall electrochemical performance. Composite electrodes are 
investigated using the functionalized magnetite, carbon additives, and the PPBT polymeric 
binder. Furthermore, a closer look is given to electrodes consisting solely of the 
functionalized active material and carbon-polymer composites. The purpose of this 
investigation is to aid in the overall design framework strategies for achieving optimal 
electrochemical performance through composite electrode fabrication.  
4.2 Materials and Methods 
4.2.1 Materials 
 Fe3O4 nanoparticles (~10 nm) were synthesized by a previously reported co-
precipitation process using aqueous solution of iron(III) chloride hexahydrate, iron(II) 
chloride hexahydrate, and triethylamine.29,88 PPBT (Mw: 21 kDa, polydispersity: 2.2, head 
to tail regioregularity: 89%) was purchased from Rieke Metals Inc. 
4.2.1.1 APTES Functionalization of Fe3O4 Nanoparticles 
 500 mg of magnetite (Fe3O4) nanoparticles were dispersed in 100 mL ethanol/water 
(4:1 v/v) in a round bottom flask with magnetic stirring. The suspension was brought to pH 
4 with acetic acid before the dropwise addition of (3-aminopropyl)triethoxysilane (APTES) 
(36 mmol APTES/g Fe3O4). The flask was sealed with a rubber septum and allowed to stir 
for 5 hours at room temperature. The suspension was centrifuged at 6000 rpm for 10 min 
to isolate the functionalized nanoparticles, which were cleaned by redispersing and 
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centrifuging in ethanol (x1) and then acetone (x2). Finally, the nanoparticles were dried in 
a vacuum oven at 110 ⁰C overnight. 
 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide 
(NHS) chemistry was used to “crosslink” the carboxyl functionality of poly[3-(potassium-
4-butanoate)thiophene-2,5-diyl] (PPBT) with the amine functionality of the APTES-Fe3O4.  
 12.4 mg of PPBT was first dissolved in 30 mL of water (buffered at pH 5) in a 
round bottom flask with magnetic stirring at 70 ⁰C overnight. Then 15.3 mg EDC, 9.2 mg 
NHS, and 95 mg APTES-Fe3O4 were added to the flask. The flask was sealed with a rubber 
septum and the reaction proceeded at room temperature with stirring for 16 hours. The 
suspension was centrifuged at 6000 rpm for 20 min to isolate the nanoparticles, which were 
cleaned by redispersing and centrifuging in DI water (x2) and then acetone (x1). Finally, 
the nanoparticles were dried in a vacuum oven at 110 ⁰C overnight. 
4.2.1.2 Fischer Esterification of Fe3O4 Nanoparticles 
 500 mg of magnetite (Fe3O4) nanoparticles were dispersed in 60 mL of deionized 
water with an ultrasonic probe (3 pulses of 30 seconds each, operated at 50 Watts, Qsonica 
Q700 sonicator). The Fe3O4 solution was then transferred to a 100 mL round bottom flask 
with a magnetic stir bar. p-Toluenesulfonic acid (1.4 g, 12% in acetic acid) and poly[3-
(potassium-4-butanoate)thiophene-2,5-diyl] (PPBT, 78 mg) were added to the mixture, a 
condenser was attached to the flask, and the reaction was stirred vigorously (750 rpm) at 
105 ⁰C for 24 hours. The solution was cooled to room temperature and was centrifuged at 
6000 rpm for 20 min to isolate the nanoparticles, which were cleaned by redispersing and 
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centrifuging in DI water (x2) and then acetone (x1). Finally, the nanoparticles were dried 
in a vacuum oven at 110 ⁰C overnight. 
4.2.2 Electrode Fabrication and Electrochemistry  
4.2.2.1 PPBT/C Electrode Fabrication 
 PPBT/C electrodes were prepared at 60 wt%, 80 wt% and 90 wt% carbon loadings, 
with the remaining fraction consisting of the PPBT polymeric binder. The slurries for the 
60 wt% electrodes were prepared by mixing Super P carbon (30 mg) and PPBT (10 wt% 
solution, 200 mg) with a weight ratio of carbon:polymer = 60:40.  The slurries for the 80 
wt% electrodes were prepared by mixing Super P carbon (40 mg) and PPBT (10 wt% 
solution, 100 mg) with a weight ratio of carbon:polymer = 80:20.  The slurries for the 90 
wt% electrodes were prepared by mixing Super P carbon (50 mg) and PPBT (10 wt% 
solution, 50 mg) with a weight ratio of carbon:polymer = 90:10.  The electrodes for field-
emission scanning electron microscopy (FE-SEM, Zeiss Ultra-60) measurement, 
electrochemical evaluation and spectroscopy characterization were produced by blade 
coating onto Cu foil (doctor blade, MTI corp). The electrodes were first allowed to dry at 
room temperature for 1 h, followed by 110 °C for 12 h in a vacuum oven. 
4.2.2.2 PPBT-Fe3O4 Electrode Fabrication 
 The slurries for the electrodes were prepared by mixing PPBT-Fe3O4 (0.1 g), carbon 
additives (0.02 g), and PPBT (10 wt% solution, 0.2 g) with a weight ratio of PPBT-
Fe3O4:carbon:polymer = 71.4:14.3:14.3. A higher active material loading composite 
electrode was prepared for the APTES-EDC functionalization method by mixing PPBT-
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APTES-Fe3O4 (76 mg), carbon additives (7.6 mg), and PPBT (10 wt% solution, 19.6 mg) 
with a weight ratio of PPBT-Fe3O4:carbon:polymer = 89.25:8.45:2.3. The electrodes for 
field-emission scanning electron microscopy (FE-SEM, Zeiss Ultra-60) measurement, 
electrochemical evaluation and spectroscopy characterization were produced by blade 
coating onto Cu foil (doctor blade, MTI corp). The electrodes were first allowed to dry at 
room temperature for 1 h, followed by 110 °C for 12 h in a vacuum oven. 
4.2.2.3 Electrochemistry 
 Stainless-steel coin cells (2032-type) were used for electrochemical measurements. 
Lithium metal, purchased from MTI corp., was used as a counter electrode and 1 M LiPF6 
in ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 by weight), purchased 
from BASF, was used as the electrolyte. Before electrochemical testing, the capacity of 
each coin cell was confirmed by charging and discharging at a current density of ~0.05 C. 
The tests were then proceeded for cycling and rate capability. Cyclic voltammetry (CV) 
was performed on half coin cells in the potential range of 0.01-3 V for magnetite-based 
electrodes and 0.01-1.5 V for carbon-based electrodes at the scan rates of 0.3, 0.5, 0.7, 1.0, 
1.5 and 2.0 mV s-1. Electrical impedance spectroscopy (EIS, Metrohm Autolab 
PGSTAT101) measurements were conducted in the frequency range from 0.1 MHz to 0.1 
Hz before and after cycling. 
4.2.3 Microscopic Characterization 
 FE-SEM images were observed on the surface view of the electrodes using a Zeiss 
Ultra-60 FE-SEM with an accelerating voltage of 3 kV for carbon-based electrodes using 
the high vacuum mode at room temperature. Elemental analysis was conducted using 
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energy dispersive x-ray spectroscopy (EDX, Oxford Aztec software) at an accelerating 
voltage of 10 kV. 
4.2.4 Spectroscopic Characterization 
 The electrode samples for spectroscopy measurements were prepared by removing 
powder samples from the prepared electrodes. Fourier transform infrared (FT-IR) spectra 
were recorded using a Thermo Scientific Nicolet iS50 FT-IR spectrometer. X-ray 
photoelectron spectroscopy (XPS) characterization was performed using a Thermo K-
Alpha XPS system. The instrument was equipped with a monochromatic Al-K X-ray 
source (1468 eV). Spectra were collected using the flood gun and an X-ray spot size of 400 
µm. Survey scans were collected with pass energy of 200 eV with 1 eV increments. High 
resolution scans (for specific elements) were collected with pass energy of 50 eV with 0.1 
eV increments. For XPS analysis of the electrodes after 100 cycles, the delithiated 
electrodes were extracted from the cycled coin cells and carefully rinsed with dimethyl 
carbonate (DMC) three times (5 mL in total) to remove residual electrolyte and then dried 
in a vacuum oven (80°C, 12 hr). 
4.2.5 Brunauer-Emmett-Teller (BET) Surface Area  
 Physical adsorption of nitrogen was measured at 77 K and at relative pressures 
ranging from 0 to 100 kPa with a BELSORP-max (MicrotracBEL) analyzer. The polymer 
powders were degassed for 12 hours under a vacuum of -30 in Hg at 110 °C prior to 
analysis. BET surface area and density functional theory (DFT)-based pore size 
distributions were calculated from the obtained isotherms. 
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4.3 Results and Discussion 
4.3.1 Understanding Polymeric Binder and Carbon Additive Interactions 
4.3.1.1 Microscopic Characterization 
 To probe interactions between the polymeric binder and carbon additives, a 
preliminary investigation was conducted using composite electrodes fabricated with 60 
wt%, 80 wt%, and 90 wt% carbon loading, namely Super P, in conjunction with the PPBT 
polymeric binder. FE-SEM (Figure 31) was used to evaluate how the higher and lower 
carbon loadings impact composite electrode morphology. Regardless of carbon loading, 
both systems demonstrated similar uniformity in particle size distribution.  
 
Figure 31: Morphology of (a) 90 wt% C/10 wt% PPBT and (b) 60 wt% C/40 wt% 
PPBT electrodes. 
 EDX SEM imaging and elemental (C, K, O and S) image mapping confirmed the 
presence of both carbon additives and the PPBT polymeric binder in the electrodes 
consisting of 60 wt% (Figure 32) and 90 wt% (Figure 33) carbon loading. The elemental 
mapping of K, O and S help elucidate the presence of the polymeric binder in the composite 
electrode. Despite differences in carbon loading, no phase separation was observed.  
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Figure 32: EDX SEM of 60 wt% C/40 wt% PPBT electrode with elemental mapping 
of C, K, O and S. 
 
 
Figure 33: EDX SEM of 90 wt% C/10 wt% PPBT electrode with elemental mapping 
of C, K, O and S. 
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4.3.1.2 Electrochemical Characterization 
 The impact of carbon loading was evaluated through electrochemical 
characterization. Tests were performed using coin cells fabricated with Li metal counter 
electrodes and 1 M LiPF6 in ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 
by weight) was used as the electrolyte. Charge-discharge cycling (Figure 34) was 
conducted at a current density of 0.1 C to determine the capacity retention of each system 
for 50 cycles. In order to investigate PPBT binder electrochemical doping effects, a voltage 
window of 0.01 and 3 V was used. It was previously determined that PPBT has two 
oxidation peaks at 1.1 and 2.2 V and magnetite primarily operates in a higher voltage 
window, which established an interest in a higher voltage window of 3 V. A lower cutoff 
voltage of 0.01 V also demonstrated enhanced stability for PPBT in previous 
electrochemical characterization in a magnetite-based system.106 Corresponding 
Galvanostatic profiles are provided in Figure 35Figure 35. 
 With respect to capacity retention upon cycling, the 90 wt% and 80 wt% systems 
demonstrated comparable performance. Initially, the 80 wt% electrode had a slightly higher 
capacity value of 310 mAh g-1, but lowered to the performance of the 90 wt% system after 
approximately 20 cycles.  Whereas, the 90 wt% electrode started at a lower capacity value 
of 261 mAh g-1, but increased to 289 mAh g-1 after 50 cycles. The higher carbon loadings, 
90 wt% and 80 wt%, demonstrated higher capacity retentions of 110% and 92%, 
respectively, compared to the 60 wt% system, with a value of 78%. Interestingly, the 60 
wt% system demonstrated a significantly higher initial capacity of 505 mAh g-1, but 
lowered to 394 mAh g-1 after 50 cycles. Despite a lower capacity retention, the 60 wt% 
system demonstrated enhanced capacity values compared to the higher carbon loadings, 
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which could be attributed to electrochemical doping effects from the higher polymeric 
binder content.  
 
Figure 34: Cycling performance (capacity retention as a function of cycle number) 




Figure 35: Galvanostatic profiles for (a) 60 wt% C/40 wt% PPBT, (b) 80 wt% C/20 
wt% PPBT, and (c) 90 wt% C/10 wt% PPBT. 
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 Electrode kinetics were evaluated using CV performed at different scan rates (ν) to 
initially characterize the various carbon loadings, specifically 60 wt% and 80 wt% (Figure 
36). The kinetic data was characterized by analyzing the voltammetric response of the 
polymeric binders at various scan rates according to 𝐼𝑝𝑐 = 𝑎𝜈
𝑏, where the measured peak 
current (Ipc) and the potential scan rate (ν) obey a power-law relationship.95–99 The slope 
from the plot of log (Ipc) vs. log (ν) provided the value of b.95,98 The carbon-based electrodes 
demonstrated two peaks in the voltage range of 0.01-1.5 V, which were both used to 
extrapolate values of b, corresponding to Li+ diffusion, where a higher value of b suggests 
faster kinetics.95,98 Both peaks corresponded to similar b values. The 80 wt% system 
demonstrated a b = 1.2, as compared with b = 1.1 for the 60 wt% system. The results 
suggest that the higher carbon loading may have enhanced electrochemical performance 
with regards to Li+ diffusion rate, which would aid in the understanding of capacity 




Figure 36: CV profiles with various scan rates (ν) of 60 wt% C/40 wt% PPBT 
electrode and 80 wt% C/20 wt% PPBT electrode, and corresponding plots of log 
(Ipc) vs. log (ν), which were plotted from the results of cathodic peak currents of CV 
curves with different scan rates (ν). 
 
4.3.1.3 Spectroscopic Characterization 
 The composite electrodes were further evaluated by XPS after 50 cycles (Figure 
37) to explore differences in chemical composition. The results offer evidence for the 
formation of a stable SEI layer, which can be deduced from the fraction of LiF present in 
the electrode.95,101 The survey scans presented in Figure 37a demonstrate that only C, O 
and F remain in the corresponding electrode systems. Figure 37b provides the F 1s scan, 
where the 90 wt% loading exhibited a substantially more intense LiF peak, followed by the 
80 wt% and 60 wt% systems, respectively. The 60 wt% system displays a higher binding 
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energy peak at ~ 689 eV, which is believed to correspond to degradation products of the 
LiPF6 electrolyte salt, labeled LixPFyOz, and possibly a small contribution from the PPBT 
binder.117 The higher fraction of LiF suggests formation of a stable SEI layer and helps to 
validate the stable cycling performance exhibited by the 90 wt% electrode after 50 cycles. 
As evidenced by the C 1s and O 1s scans (Figure 37c, d), the proportion of organic 
compounds within the SEI layer was relatively higher for the 90 wt% system, as compared 
to the 80 wt% and 60 wt% electrodes. These results further verify the stability of the 90 
wt% system. Surprisingly, the 60 wt% system exhibits two additional peaks (293 eV and 
295.5 eV), which could be associated with K.89 Although not directly present in the survey 
scan, the presence of K in the 60 wt% electrode could indicate polymeric binder presence 
on the surface of the composite electrode, further confirming poor SEI layer formation. 
Unstable SEI layer formation further confirms the poor cycling stability of the 60 wt% 




Figure 37: XPS analysis of SEI layer after 50 cycles: (a) Survey scan, (b) F 1s scan, 
(c) C 1s scan, and (d) O 1s scan. 
 
4.3.2 PPBT Coated Magnetite Functionalization Methods 
4.3.2.1 APTES/EDC Functionalization Method 
 A water-soluble carboxylated polythiophene binder, PPBT, was used as a model 
polymer to investigate the impact of surface functionalization techniques on enhancing 
electrochemical performance in a magnetite anode system. The magnetite surface was first 
coated with APTES, followed by an EDC/NHS chemistry to attach the PPBT (Figure 38). 
The final PPBT-coated particles from this approach are denoted PPBT-APTES-Fe3O4. 
APTES, or similar linkers, have previously been used in the literature to graft polymers 
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onto the hydroxyl surface of various active materials, including silicon and 
magnetite.34,69,118–121  
 
Figure 38: APTES and EDC functionalization of magnetite with PPBT to give 
PPBT-APTES-Fe3O4. 
 
Both steps in the functionalization process were verified using TGA and FTIR 
(Figure 39). TGA on the PPBT-APTES-Fe3O4 demonstrated a 12 wt% PPBT coating on 
the final magnetite surface, however, there was 8 wt% APTES present, which could hinder 
electrochemical performance and will be discussed further below. PPBT carboxylic 
moieties exhibit peaks at 1556 and 1400 cm-1, which correspond to O-C-O asymmetric and 
symmetric stretching.122 The PPBT-APTES-Fe3O4 exhibits these same peaks, confirming 
the presence of PPBT on the active material surface.  
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Figure 39: (a) TGA and (b) ATR-FTIR of bare magnetite, PPBT, APTES-Fe3O4, 
and PPBT-APTES-Fe3O4. 
 The impact of PPBT functionalization was evaluated through electrochemical 
characterization. Tests were performed using coin cells fabricated with Li metal counter 
electrodes and working electrodes prepared with PPBT-APTES-Fe3O4 active material, 
carbon additives, and polymeric binder in a 71.4:14.3:14.3 mass ratio, which was chosen 
based on previous results.38 The electrolyte was 1 M LiPF6 in ethylene carbonate (EC) and 
diethylene carbonate (DEC) (1:1 by weight). Electrode kinetics were evaluated using cyclic 
voltammetry (CV) performed at different scan rates (ν) to initially characterize the PPBT-
APTES-Fe3O4 (Figure 40). The kinetic data was characterized by analyzing the 
voltammetric response of the polymeric binders at various scan rates according to 𝐼𝑝𝑐 =
𝑎𝜈𝑏, where the measured peak current (Ipc) and the potential scan rate (ν) obey a power-
law relationship.95–99 The slope from the plot of log (Ipc) vs. log (ν) provided the value of 
b.95,98 Here, we compared composite electrodes with carbon additives and PPBT polymeric 
binder to an electrode consisting of solely the functionalized active material. The PPBT-
APTES-Fe3O4 electrode exhibited a b value of 0.477, as compared to the composite 
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electrode b value of 0.867. The b value is correlated to Li+ diffusion, where a higher value 
of b suggests faster kinetics.95,98 From this initial assessment, further electrochemical 
characterization was limited to the composite electrode. 
 Bridel et al. previously modified silicon particles with carboxymethyl cellulose 
(CMC) using 3-aminopropyl-trialkoxysilane (APTAS) to replace the necessity of a binder: 
an all-in-one particle approach. Despite surface modification, the electrochemical 
performance was similar to binder-free electrodes: demonstrating poor kinetics and a 
maximum capacity on the first cycle, resulting in immediate decay.51  
 
Figure 40: Effect of carbon additives and polymeric binder on kinetic performance 
of PPBT-APTES-Fe3O4. Cyclic voltammetry (CV) of (a) PPBT-APTES-Fe3O4 and 
(b) PPBT-APTES-Fe3O4/C/PPBT, with various scan rates, and corresponding plots 
of log (Ipc) vs. log (ν), which were plotted from the results of cathodic peak currents 
of CV curves with different scan rates (ν) for (c) PPBT-APTES-Fe3O4 and (d) 
PPBT-APTES-Fe3O4/C/PPBT. 
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 Charge-discharge cycling (Figure 41a) was conducted at a current density of 240 
mA g-1 (~0.3 C) for 100 cycles to determine capacity retention. The PPBT-APTES system 
demonstrated a lower capacity value than is typically seen for magnetite-based systems 
(395 mAh g-1 on the 1st cycle as compared to a theoretical capacity of ~925 mAh g-1),77 
which could be attributed to the APTES linkers used in the functionalization technique. As 
cycling progressed, a gradual increase in capacity was observed until an apparent steady 
state was reached after about 80 cycles to a final capacity value of 488 mAh g-1, which is 
still significantly lower than the theoretical capacity of magnetite. The phenomenon of 
gradual increase of capacity will be further discussed, vide infra. 
 As previously reported by Wang et al., APTES linkers are bulky, insulating, long-
chains, which may hinder charge transport capabilities.118 A covalent attached process 
between APTES capped magnetite nanoparticles and MWNTs were investigated as a 
potential anode material. Cycling and rate capability testing revealed poor electrochemical 
performance when compared to a π-π interaction attachment strategy. These results are also 
consistent with a study where covalent attachment of magnetite onto a glassy carbon 
electrode surface using APTES linker demonstrated a higher charge transfer resistance as 
compared to the bare glassy carbon surface.119 Charge transport between nanoparticles and 
nanostructures is limited by the presence of bulky, non-conjugated ligands, serving as an 
undesirable barrier. 
 Newly fabricated half cells were subjected to rate capability experiments (Figure 
41b), where cells were lithiated at a constant current density of 80 mA g-1 (~0.1 C) and 
delithiated over a wide range of current densities (80 – 1600 mA g-1) between a voltage 
range of 0.01 – 3 V. At 0.1 C, the PPBT-APTES system exhibited a lower starting capacity 
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of 531 mAh g-1, which increased to 609 mAh g-1 upon cycling back to the same current 
density. These results mirror the behavior observed during cycling.  
 
Figure 41: (a) Cycling performance (capacity retention as a function of cycle 
number) of PPBT-APTES- Fe3O4/C/PPBT cycled at 240 mA g-1 (~0.3 C) between 
0.01 and 3 V. (b) Delithiation rate capability, where cells were lithiated a constant 
current density of 80 mA g-1 (0.1 C) and delithiated at different current densities 
between 0.01 and 3 V. 
 
 To improve the capacity value demonstrated by the PPBT-APTES-magnetite 
system, a higher active material loading was explored. Due to the additional APTES 
present, the magnetite loading was reduced. To compensate for the differences, the loading 
of PPBT-APTES-Fe3O4 was increased to 89.25 wt%, corresponding to 71.4 wt% active 
material, and was compared to the previous composite electrode, with an active material 
loading of 57.1 wt%. Electrode kinetics were evaluated using CV performed at different 
scan rates (ν) to initially characterize the new active material loading of PPBT-APTES-
Fe3O4 (Figure 42). The kinetic data was characterized by analyzing the voltammetric 
response of the polymeric binders at various scan rates according to 𝐼𝑝𝑐 = 𝑎𝜈
𝑏, vide supra. 
The higher active material loading exhibited a b value of 0.788, as compared to the lower 
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active material loading b value of 0.867. The lower value of b from a higher active material 
loading is best attributed to the reduction in polymeric binder. It appeared that altering the 
active material loading would not improve the overall electrochemical performance of the 
PPBT-APTES-Fe3O4 electrode and alternative approaches were needed. 
 
 
Figure 42: Effect of active material loading on kinetic performance in PPBT-
APTES-Fe3O4/C/PPBT composite electrodes. Cyclic voltammetry (CV) of (a) 57.1 
wt% Fe3O4 and (b) 71.4 wt% Fe3O4, with various scan rates, and corresponding 
plots of log (Ipc) vs. log (ν), which were plotted from the results of cathodic peak 
currents of CV curves with different scan rates (ν) for (c) 57.1 wt% Fe3O4 and (d) 





4.3.2.2 Fischer Esterification Functionalization Method 
 To further understand the effect of the PPBT-magnetite surface chemistry on the 
electrochemical performance of the magnetite active material surface, a Fischer 
esterification approach was used to attach the PPBT polymer directly onto the magnetite 
surface, denoted as PPBT-Fe3O4 (Figure 43). 
 
Figure 43: Schematic of magnetite functionalized with PPBT using a Fischer 
esterification to give PPBT-Fe3O4. 
 
 The Fischer esterification functionalization was confirmed using TGA and FTIR 
(Figure 44). TGA demonstrated a 14 wt% PPBT coating on the active material surface. 
PPBT carboxylic moieties exhibit peaks at 1556 and 1400 cm-1, which correspond to O-C-
O asymmetric and symmetric stretching.122 The PPBT-Fe3O4 exhibits these same peaks, 
confirming the presence of PPBT on the active material surface. However, the O-C-O 
asymmetric peak was shifted to a lower frequency of 1530 cm-1, which is believed to arise 
from the weakening of the O-C-O vibration. In addition to these peaks, a new peak was 
observed at 1767 cm-1, which is associated with Fe-carboxylate C=O stretching.106 
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Together, these results indicate Fe-carboxylate bonding and confirm covalent bonding 
from the Fischer esterification functionalization.  
 
Figure 44: (a) TGA and (b) ATR-FTIR of bare magnetite, PPBT, and PPBT-Fe3O4 
from a Fischer esterification. 
 
 The new PPBT functionalized magnetite and bare magnetite was probed by 
nitrogen isothermal adsorption/desorption measurements (Figure 45). The BET specific 
surface area of bare magnetite and PPBT-Fe3O4 was calculated to be 128 ± 1.54 m2 g-1 and 
106 ± 1.83 m2 g-1, respectively. These values indicate that the PPBT coating did not lead 




Figure 45: Nitrogen adsorption and desorption isotherm for (a) bare magnetite and 
(b) PPBT-Fe3O4 (Fischer esterification functionalization method). 
 
 The colloidal stability of the PPBT-Fe3O4 compared to the PPBT-APTES-Fe3O4 
was evaluated using zeta potential and dynamic light scattering measurements (Figure 46). 
In efforts to mimic the immediate environment surrounding the nanoparticles, they were 
dispersed in water by stirring on a hot plate for 12 hours at 80 °C. Both magnetite solutions 
exhibited similar values of pH for comparable zeta potential measurements (pH~8). 
Typically, values more negative than -30 mV are considered to represent the level of 
mutual repulsion needed to ensure the stability of a dispersion.90 The PPBT-APTES-Fe3O4 
had a zeta potential of -38.27  0.81 and the PPBT-Fe3O4 had a zeta potential of -33.13  
0.75. The magnetite functionalized using the APTES-EDC method displayed a more 
negative zeta potential and lower average aggregate size. APTES could aid in breaking up 
magnetite aggregates prior to the final functionalization with EDC and PPBT, producing 
smaller particle sizes. 
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Figure 46:  (a) Zeta potential and (b) average aggregate size of PPBT-APTES-Fe3O4 
and PPBT-Fe3O4. 
 
 A preliminary aging study was conducted to examine the colloidal stability and 
average aggregate size over a three-week period (Figure 47). The zeta potential for the 
Fischer esterification functionalization resulted in values less negative than the -30 mV 
threshold, indicating a decrease in colloidal stability over time.90 The PPBT-Fe3O4 had zeta 
potentials of -24 ± 0.92, -26.1 ± 0.52, and -28.1 ± 0.61, for the one-, two- and three-week 
periods, respectively. The zeta potential did not substantially change, but did not exhibit 
the same stability as the APTES functionalization method. The PPBT-APTES-Fe3O4 had 
zeta potentials of -35.2 ± 0.35, -37.1 ± 0.1, and -33.0 ± 0.8, for the one-, two-, and three-
week periods, respectively. APTES remained more negative than the -30 mV threshold, 
which indicates stability of a dispersion. Similarly, the average aggregate size did not 
substantially change over three weeks. The Fischer esterification sample had an initial 
average aggregate size of 407 ± 8.8 that slightly decreased to 379.1 ± 4.1 after three weeks. 
Whereas, the APTES sample had an initial size of 171 ± 0.91 and slightly increased to 178 
± 1.1 after three weeks. Both samples retained their average aggregate sizes, with the 
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APTES system remaining lower in size. This aging study verified that the APTES could 
aid in breaking up magnetite particles, leading to enhanced colloidal stability and smaller 
aggregates. 
    
 
Figure 47: Three week aging study of functionalized PPBT coated magnetite. (a) 
Zeta potential and (b) average aggregate size of PPBT-APTES-Fe3O4 and PPBT-
Fe3O4. 
  
 The morphology of electrodes prepared solely with PPBT-Fe3O4 as the active 
material and composite electrodes consisting of PPBT-Fe3O4 active material, carbon 
additives, and PPBT polymeric binder were evaluated through SEM (Figure 48). The 
PPBT polymeric binder was used to allow for direct comparison to the aforementioned 
PEG/PPBT system utilized in Chapters 2 and 3. As anticipated from DLS, the Fischer 
esterification functionalization method produced larger particles compared to the 
APTES/EDC procedure. Surprisingly, the composite electrodes displayed significantly 
different morphologies upon interactions with carbon additives and polymeric binder. The 
Fischer esterification functionalization produced an electrode with an overall more uniform 
morphology, with a few large aggregates present and should positively impact 
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electrochemical performance. In contrast, the PPBT-APTES-Fe3O4 system displayed a 
broader range of particle size distribution, with uneven surfaces, which could be a result of 
the APTES linkers acting as a barrier to the carbon additives and polymeric binder. 
 
Figure 48: SEM of electrodes. (a) PPBT-APTES-Fe3O4 active material electrode, (b) 
PPBT-Fe3O4 active material electrode, (c) PPBT-APTES-Fe3O4/C/PPBT composite 
electrode, and (d) PPBT-Fe3O4/C/PPBT composite electrode. 
 
 The electrode kinetics were evaluated using CV performed at different scan rates 
(ν) to initially compare the two functionalization methods (Figure 49). The kinetic data 
was characterized by analyzing the voltammetric response of the polymeric binders at 
various scan rates, as previously discussed. The new Fischer esterification 
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functionalization method exhibited a b value of 0.928, as compared to the APTES/EDC 
functionalization b value of 0.867. The b value for Fischer esterification functionalization 
corresponds to the PEG/PPBT system used in Chapters 2 and 3, which has a b value of 
0.927. However, the PEG coating is not covalently attached to the magnetite surface and 
improvements in electrochemical performance result from the formation of a Fe-
carboxylate interaction, resulting from the active material and polymeric binder. This initial 
electrochemical characterization is promising for enhanced performance with the new 
PPBT-Fe3O4 system, using the Fischer esterification functionalization. 
 
Figure 49: Comparing kinetic performance of PPBT-APTES-Fe3O4 and PPBT-
Fe3O4 composite electrodes. Cyclic voltammetry (CV) of (a) PPBT-APTES-
Fe3O4/C/PPBT and (b) PPBT-Fe3O4/C/PPBT, with various scan rates, and 
corresponding plots of log (Ipc) vs. log (ν), which were plotted from the results of 
cathodic peak currents of CV curves with different scan rates (ν) for (c) PPBT-
APTES-Fe3O4/C/PPBT and (d) PPBT-Fe3O4/C/PPBT. 
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 Coin cells were fabricated to explore the impact of the two magnetite 
functionalization techniques, using composite anodes composed of PPBT-Fe3O4 active 
material, carbon additives, and PPBT binder in a 71.4:14.3:14.3 mass ratio, Li metal served 
as the counter electrode, and 1 M LiPF6 in ethylene carbonate (EC) and diethylene 
carbonate (DEC) (1:1 by weight) was used as the electrolyte. The mass ratio was chosen 
based on prior results to facilitate direct comparison.38 Charge-discharge cycling (Figure 
50a) was conducted at a current density of 240 mA g-1 (~0.3 C) to determine the capacity 
retention of each system for 100 cycles. Galvanostatic profiles are also provided in Figure 
51 for both functionalization methods. 
 The PPBT-Fe3O4 electrode (blue) demonstrated a higher initial capacity value of 
826 mAh g-1 as compared to the APTES system (black), with a value of 395 mAh g-1, 
resulting in a 209% increase with the new functionalization method. These trends 
continued over 100 cycles, where the PPBT-Fe3O4 exhibits a value of 1045 mAh g-1, 
compared to the APTES system’s capacity value of 489 mAh g-1. The improved capacity 
of the PPBT-Fe3O4 results from the direct attachment of PPBT onto the magnetite surface 
and is no longer hindered by bulky APTES linkers. However, in terms of Coulombic 
efficiency, both systems demonstrated an initial value of 87%. After 100 cycles, PPBT-
Fe3O4 has a value of 99.3%, while the APTES system displayed a value of 98.7%.  
 The APTES and Fischer esterification functionalization methods exhibited similar 
cycling phenomenon, where a gradual increase in capacity was observed for both samples. 
Similar behavior has previously been observed in other metal oxide composites and is 
believed due to the reversible growth of the polymeric gel-like film by kinetically activated 
electrolyte degradation.121,123–125 However, we believe this trend is best attributed to an 
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increase in surface area of the PPBT-magnetite samples and an activation process from 
covalently bonded functionalization. An increased surface area is beneficial for electrolyte 
access and lithium-ion diffusion121,123 and an activating process of porous anodes has 
previously been reported to cause an increase in capacity.126,127 This activation process is 
speculated to result from using a covalently bonded coating involving a conductive 
material. This phenomenon was not previously observed in our PEG-magnetite samples, 
which involved a physical, not electrically conductive coating, as illustrated in Chapters 
2 and 3.11 
 Newly fabricated half cells were subjected to rate capability experiments (Figure 
50b), where cells were lithiated at a constant current density of 80 mA g-1 (~0.1 C) and 
delithiated over a wide range of current densities (80 – 1600 mA g-1) between a voltage 
range of 0.01 – 3 V. Similar trends were observed in rate capability testing, where the direct 
attachment of PPBT showed significant improvements in capacity. PPBT-Fe3O4 exhibited 
a lower starting capacity of 791 mAh g-1, which increased to 818 mAh g-1 upon cycling 
back to 0.1 C, mirroring the behavior observed during cycling. APTES electrodes follow a 
similar pattern of an initial capacity value of 531 mAh g-1, which increased to 609 mAh g-
1 at the 37th cycle. 
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Figure 50: (a) Cycling performance (capacity retention as a function of cycle 
number) of PPBT- Fe3O4/C/PPBT as compared to PPBT-APTES- Fe3O4/C/PPBT 
cycled at 240 mA g-1 (~0.3 C) between 0.01 and 3 V. (b) Delithiation rate capability, 
where cells were lithiated a constant current density of 80 mA g-1 (0.1 C) and 
delithiated at different current densities between 0.01 and 3 V. 
 
 
Figure 51: Galvanostatic profiles of (a) PPBT-APTES-Fe3O4/C/PPBT and (b) 
PPBT-Fe3O4/C/PPBT. 
 
 Further insight into the performance differences between the functionalization 
methods can be discerned from analysis of EIS results (Figure 52) whereby the cells used 
here correspond to those cycled between 0.01 and 3V (Figure 50a). Impedance testing was 
performed in the frequency range of 0.1 MHz to 0.1 Hz before cycling at 3V and after 100 
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cycles at their open-circuit voltage (OCV). Superior battery electrode performance can be 
attributed to decreased charge transfer resistance (Rct), which is estimated from the 
diameter of the high-frequency semicircle.100 Prior to cycling, the Fischer esterification 
system demonstrated a considerably lower charge transfer resistance as compared to the 
APTES system. As previously mentioned, APTES linkers are bulky, insulating, long-
chains and previously demonstrated higher charge transfer resistances.118,119 After cycling, 
the APTES system demonstrated a significant decrease in charge transfer resistance, 
whereas the Fischer esterification method remained relatively the same. The decrease for 
the APTES system could aid in the explanation of the increase in capacity phenomenon 
and proposed activation process.  
 
Figure 52: Electrical impedance spectroscopy (EIS) (a) before cycling at 3V, (b) 
zoomed into before cycling at 3V, and (c) after 100 cycles at OCV in the frequency 
range from 0.1 MHz to 0.1 Hz. 
 
 The composite electrodes were further evaluated by XPS after 100 cycles (Figure 
53) to explore differences in chemical composition. The results offer evidence for the 
formation of a stable SEI layer, which can be deduced from the fraction of LiF present in 
the electrode.95,101 The survey scans presented in Figure 53a demonstrate that only C, O 
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and F remain on the corresponding electrode surfaces after cycling. Figure 53b provides 
the F 1s scan, where the Fischer esterification electrode exhibited a substantially more 
intense peak as compared to the APTES system. The higher fraction of LiF in the cycled 
Fischer esterification functionalized electrodes suggests formation of a stable SEI layer and 
helps to validate the electrochemical results discussed above. As evidenced by the O 1s 
and C 1s data (Figure 53c, d), the proportion of organic compounds within the SEI layer 
was relatively higher for the APTES system. Surprisingly, the APTES system exhibited 
two additional peaks (293 eV and 295.5 eV), which could be associated with K.89 Although 
not directly present in the survey scan, the presence of K in the APTES electrode could 
indicate the presence of polymeric binder on the surface of the composite electrode. 
Despite the higher fraction of organic compounds as compared to the Fischer esterification 
system, the significantly lower fraction of LiF and presence of K on the surface confirm 
unstable SEI layer formation.  
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Figure 53: XPS analysis of SEI layer after 100 cycles. (a) Survey scan, (b) F 1s scan, 
(c) O 1s scan, and (d) C 1s scan. 
 
 Molecular interactions between the active material and polymeric binder are 
expected to positively impact electrochemical performance.70,122 As such, Fourier infrared 
(FT-IR) spectroscopy provides a convenient tool to uncover further differences in the 
functionalization techniques (Figure 54). The PPBT carboxylate moieties exhibit 
vibrational bands at 1556 and 1400 cm-1, which correspond respectively to the O-C-O 
asymmetric and symmetric stretching modes, and appear in electrode slurries of both 
functionalization methods.11,71 A new peak not present in the PPBT binder was observed 
at around 1755 cm-1, which corresponds to a C=O stretching vibration. Furthermore, a 
shoulder is observed at 1510 cm-1, which was split from the 1556 cm-1 band, suggesting 
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coordination of carboxylate functionalities on the magnetite surface.11 The presence of 
these peaks are only demonstrated in the PPBT-Fe3O4/C/PPBT system and are not 
observed from the APTES slurry. These FT-IR results should support enhanced 
electrochemical performance demonstrated from the direct attachment of PPBT on the 
magnetite surface and indicate that Fe-carboxylate interactions are present. Interactions 
between the binder and high capacity active material have previously been reported as 
critical factors influencing electrode stability.11,71 These interactions are believed present 
between the active material and PPBT surface coating, but may also result from additional 
interactions between the PPBT surface coating and PPBT polymeric binder. Similar FT-IR 
results, indicating interactions between active material and polymeric binder, were 
demonstrated for the PEG/PPBT system, as discussed in Chapter 2. Future work will focus 
on using alternative binders, such as PAA, to differentiate between the surface coating and 
polymeric binder effects. 
 106 
 
Figure 54: FT-IR spectra of polymeric binder (PPBT) and electrode slurries 
prepared by mixing PPBT-APTES-Fe3O4 or PPBT-Fe3O4 with PPBT binder and 
carbon additives.  
 
 Support for the presence of bonding between PPBT and the Fe3O4 surface can be 
attained from XPS analysis, specifically of the Fe 2p core level (Figure 55). The observed 
peaks at ~712 and ~724 eV correspond to Fe 2p3/2 and Fe 2p1/2 orbitals, respectively; while 
the absence of a peak mid-way between and associated with Fe3+, confirms a pure 
magnetite phase.102 The appearance of this satellite peak in PPBT-Fe3O4/C/PPBT electrode 
slurries confirms the presence of chemical/bonding interactions between PPBT and the 
Fe3O4 surface. This peak was not observed for the PPBT-ATPES system, which could 
hinder electrochemical performance. However, this peak was present in the PEG/PPBT 
system and could also point to interactions between the polymeric binder and active 




Figure 55: Fe 2p XPS spectra of electrode slurries. 
 
4.4 Conclusions 
 The results presented in this investigation demonstrate the impact of carbon loading 
on carbon-polymer interactions in a composite electrode system. Regardless of carbon 
loadings, all systems demonstrated comparable particle dispersion and did not exhibit 
phase separation. A higher polymeric binder loading led to enhanced capacity value, as a 
result of electrochemical doping, but displayed lower capacity retention, lower Li+ 
diffusion, and a less stable SEI layer formation. A higher carbon loading exhibited a lower 
capacity value, but a more stable performance. Further optimization is needed to determine 
a balance between carbon and polymeric loadings for ideal capacity and stability. In present 
composite electrode formation, a 50:50 loading is utilized for polymeric binder and carbon 
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loadings. From this preliminary investigation, it would appear that a higher carbon loading 
content could further impact electrode stability. 
 Two different surface chemistries were employed for the functionalization of 
magnetite with the polymeric binder, PPBT: APTES-EDC and Fischer esterification. The 
functionalization method significantly impacted overall electrochemical performance of 
composite electrodes. PPBT-APTES-Fe3O4 displayed a lower capacity and Li+ diffusion 
rate, ultimately leading to poor performance. Although a commonly used surface modifier, 
APTES hindered the electrochemical performance as a result of its bulky and insulating 
nature. Optimization was attempted with the APTES system by incorporating carbon 
additives and polymeric binder, while increasing active material loading. All attempts 
resulted in poor performance compared to the control. Direct functionalization of PPBT 
onto the magnetite surface using a facile Fischer esterification technique, however, proved 
beneficial for electrode morphology and faster Li-ion diffusion, resulting in a higher 
capacity and improved rate capability performance. The observed attachment strategies 
from this investigation create a framework for the future design of high-capacity anode 
systems and can be applied to other active materials with alternative carboxylated 
polymeric binders for optimized performance. 
 Simultaneously, these results provide insight into composite electrode formation in 
optimizing surface functionalization techniques and carbon/polymer loading. 
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS 
5.1 Summary and Conclusions 
 In this thesis, three polymeric binder designs were developed for use in magnetite-
based anode systems. 
 In Chapter 2, a water-soluble carboxylated polythiophene polymer (PPBT) was 
utilized as a model system to analyze the effect of cation size on electrochemical 
performance. The cations studied included H+, NH4+, K+, Na+, and Li+. The hydrogen and 
ammonium derivatives exhibited poor electrochemical performance. P-H-BT 
demonstrated poor solubility in water leading to more heterogenous dispersions and 
morphologies, which ultimately led to poor capacity retention. The poor performance for 
P-NH4-BT is believed to result from weak interactions between NH4+ and PEG. Potassium, 
sodium and lithium systems allowed for the investigation of cation size effects, where the 
largest cation size (K+) demonstrated the most enhanced electrochemical performance 
through improvements to kinetics, capacity retention, SEI layer formation and reduced 
charge transfer resistance. The sodium derivative exhibited the most uniform morphology, 
leading to enhanced rate capability performance, as a result of interactions of the cation to 
the PEG surface coating. Deviations from the correlation between cation size and improved 
performance are attributed to artificially high capacity from the lithium system. 
 In Chapter 3, a series of carboxylated polymers with varying functional groups 
were analyzed as alternative polymeric binders. Polymers of interest included 
PEDOT:PSS, WS-PE2, PPBT, and PAA-K. When compared to PEDOT:PSS, WS-PE2 
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showed significant improvement, which is attributed to its ion transport enhancements, in 
conjunction with its high conductivity. Although demonstrating improved cycling 
performance, WS-PE2 exhibited poor rate capability, particularly at high current densities, 
which is believed due to its bulky chemical structure and lower concentration of carboxylic 
groups. PAA-K underperformed in cycling compared to PPBT and WS-PE2, but exhibited 
comparable rate capability performance relative to PPBT, which is thought a result of its 
high concentration of carboxylic groups. The PEG/PPBT system exhibited the best overall 
electrochemical performance, due to its electronic conductivity and high concentration of 
carboxyl groups. An important consideration from this investigation revealed the 
correlation between the necessity of a high physical affinity between the polymeric binder 
and coating, as determined by HSP analysis, which can be used to predict cycling stability, 
kinetics, and SEI layer formation, whereas morphology leads to enhanced rate capability 
performance.  
 In Chapter 4, the model polythiophene polymer was functionalized onto the 
magnetite surface using two functionalization methods, an APTES and EDC approach and 
Fischer-esterification. APTES linkers proved too bulky and insulating, ultimately 
hindering electrochemical performance. Direct attachment of the polymer onto the 
magnetite surface using Fischer-esterification led to enhanced performance. Additional 
work focused on understanding polymeric binder and carbon additive interactions for 
composite electrode design. A higher polymeric loading (40 wt%) enhanced capacity due 
to electrochemical doping of the polymer, but resulted in unstable SEI layer formation and 
poor capacity retention. A higher carbon loading (80-90 wt%) resulted in a lower capacity 
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value, but overall a more stable performance. Further optimization is needed to determine 
a balance between carbon and polymeric loading for ideal capacity and stability. 
 Altogether, these studies demonstrate frameworks for designing optimal polymeric 
binders to enhance performance of high-capacity anodes, often hindered by their large 
volume changes during cycling.  
5.2 Recommendations and Future Work 
5.2.1 Ion Exchanged Polymeric Binders 
 In Chapter 2, a model semiconducting carboxylated polythiophene, PPBT, was 
used to understand cation size effects on overall electrochemical performance. Preliminary 
cycling testing at 0.3 C between 0.01 and 3V was done comparing PAA and PAA-K with 
and without PEG coatings (Figure 56). The no PEG electrode systems are optimal for 
performance, due to limited physical affinity between the polymeric binder and coating, as 
discussed in Chapter 3. The PAA significantly outperformed the PAA-K, with and without 
PEG coating. The cation trends discussed in Chapter 2 were only investigated with one 
polymeric binder. To further understand cation size effect trends, additional polymers 
should be investigated. Preliminary testing with PAA and PAA-K reveals different trends 




Figure 56: Cycling performance (capacity retention as a function of cycle number) 
of PAA and PAA-K polymeric binders with and without PEG coating at 240 mA g-1 
(~0.3 C) between 0.01 and 3 V. 
 
5.2.2 Tuning Polymeric Binders 
 In Chapter 3, PAA was investigated as an alternative, water-soluble, carboxylated 
polymeric binder. The molecular weight of PAA has been explored in silicon anode 
systems.57,59 Hu et al. concluded the optimal PAA molecular weight range is 24-150 kDa 
to maintain cohesion in the electrodes over many cycles.57 Whereas, Kasinathan et al. 
investigated a different range of molecular weights (250, 450, 1250 kDa) and found highest 
rate performance and long term stability at 250 kDa.59 Kasinathan noted that the PAA of 
1250 kDa had a very high viscosity, making it difficult for electrode fabrication and was 
discarded from the investigation. Due to the difficult processing of high molecular weight 
PAA, limited information exists on its properties in batteries. An alternative technique to 
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understanding high molecular weight performance of PAA and overcoming processing 
issues would be a polymer blend approach of combining high and low molecular weights, 
as previously done by McBride et al.128 Blending different molecular weight polymers 
would aid with viscosity issues and allow for a more comprehensive study of molecular 
weight effects in polymeric binders, which is rarely investigated. 
 Enhancements in cycling performance was previously demonstrated using acidic 
water conditions in electrode fabrication.129 This improvement was attributed to physical 
cross-linking of CMC chains in a solution of pH 3. Mazouzi et al. demonstrated that by 
altering the pH, SiOH groups were able to react with the COOH groups present on the 
CMC surface, leading to enhanced cycling stability.48 This mechanism is pH dependent, 
where a pH value lower than the isolectric point of active material particles (here silicon) 
and pKa of CMC is necessary for electrode preparation. Using PAA in acidic conditions 
could aid in the reaction between active material –OH groups and COOH on the binder. In 
our magnetite-based system, interactions between the polymeric binder and active material 
surface were not initially observed for PAA. Processing PAA in acidic conditions could 
positively impact its performance and improve cycling stability.  
 A comprehensive study of PAA as a polymeric binder has been limited to silicon-
based systems and information on its performance in magnetite is limited. Understanding 
molecular weight influence and acidic electrode fabrication conditions could enhance the 
poor cycling performance that was observed in Chapter 3 and offer a cost-effective 
alternative to PPBT. 
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5.2.3 PPBT Magnetite Surface Functionalization 
5.2.3.1 Alternative Functionalization Techniques 
 In the surface functionalization methods used in Chapter 4, the amount of PPBT 
loading on the magnetite surface was not optimized. It would be useful to control the 
functionalization methods and explore how varying amounts of PPBT loading impact 
electrochemical performance. A higher loading of PPBT on the surface may allow for steps 
towards optimizing the system to move away from needing additional polymeric binder 
and conductive additives to aid in the design of flow battery systems.  
 In Chapter 4, only covalent attachment strategies were explored. Wang et al. 
previously demonstrated the feasibility of non-covalent π-π interaction strategies in 
magnetite-based systems.118 Here, a π-π interaction process was used between Fe3O4 
nanoparticles and multi-walled carbon nanotubes (MWNTs), where Fe3O4 nanoparticles 
were first functionalized with 4-mercaptobenzoic acid linkers. When compared to a 
covalent attachment and physical sonication, the non-covalently attached magnetite 
electrodes exhibited the highest capacity and capacity retention, lowest charge transfer 
resistance, and fastest lithium ion diffusion rate. Using a similar functionalization process 
with PPBT would aid in the understanding of attachment strategies and how non-covalent 
attachment compares to the Fischer esterification method.  
5.2.3.2 Optimizing PPBT-Carbon Interactions 
 In Chapter 4, polymer-carbon interactions were evaluated using 60 wt%, 80 wt%, 
and 90 wt% carbon with the remaining amount PPBT. It would be useful to find an 
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optimized carbon loading between 60 wt% and 80 wt% to balance between electrochemical 
doping enhancements from PPBT and electrode stability. Higher capacity values were 
demonstrated with a 60 wt% carbon loading, but there was a decline in electrode stability 
as seen in SEI layer formation, capacity retention, and Li ion diffusion. Whereas, the 80 
wt% electrode demonstrated a more stable performance, but lower capacity value. 
Optimization between these carbon loadings would be helpful in understanding the 
mechanisms between PPBT and Super P and to allow for enhanced composite electrode 
fabrication in understanding polymer to carbon loading ratios. 
5.2.3.3 Investigating Additional Polymeric Binders 
 In Chapter 4, PPBT was used as both the polymeric binder and coating on the 
active material surface. To elucidate differences between the active material coating and 
binder, it would be useful to demonstrate the effects of the PPBT coating using alternative 
polymeric binders, such as PAA or CMC, which are widely used. Future work will examine 
the electrochemical performance of the PPBT coating with a PAA binder to further 
understand practical applications. The use of only a PPBT coating, without a PPBT binder, 
would also alleviate the cost associated with the conjugated polymer. PAA is commercially 
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